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Abstract: -  
Reforming of landfill gases for the production of syngas that leads to the generation of heat or 
electricity is a very promising pathway considering the increasing price of oil. The dry 
reforming technique is a very interesting approach to reduce the greenhouse effect and 
convert these gases into valuable syngas. A key factor for the success of the dry reforming 
process is selecting a catalyst that shows high stability and activity toward dry reforming 
conditions as well as resistance to carbon deposition and sulphur poisoning. 
This work aims to prepare a new pyrochlore catalyst as an alternative to Ni supported 
catalysts that suffer from deactivation because of carbon deposition and sulphur poisoning. 
Several essentials factors were changed to produce a promising catalyst for methane 
reforming including a) the preparation method, b) the ratio of Ni doped and c) the kind of the 
metal doped. 
The LaCeZrNiO7 was prepared by the hydrothermal and the Pechini methods. The 
performance of the Ni-doped pyrochlore catalysts were compared with a noble metal (Ru) 
pyrochlore under different dry reforming conditions. 
All new prepared pyrochlore catalysts were characterized using XRD, BET, SEM and TPR 
techniques. The pyrochlore phase was seen in all prepared materials; however an additional 
La/CeZrO4 phase was also seen in all the hydrothermal Ni catalysts. 
Generally, no significant carbon deposition was seen on all materials at temperatures above 
750 ͦ C and an almost complete conversion was observed at high temperatures without 
deactivation for both the Ni and Ru catalysts under the conditions of stoichiometric and 
methane-rich dry reforming. 
At low temperatures, the hydrothermal 1Ni-LCZ pyrochlore catalyst, showed a significant 
increase in carbon deposition compared with that synthesised by the Pechini method. 
  
 
However, the low hydrothermal Ni loading pyrochlore catalyst showed low carbon deposition 
with high activity at 650 ͦ C. 
The performance of the catalysts in the presence of H2S (10-30 ppm) was investigated under 
the methane-rich dry reforming and at temperatures between 700 and 1000 ͦ C. All Ni 
catalysts showed high resistance and complete conversion for more than 40 hours with 10 
ppm of H2S at 850 ͦ C. The Ru catalyst was however the only one to show excellent activity 
without complete deactivation at 30 ppm at 700 ͦ C. At a temperature of 900 ͦ C and above, no 
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Petroleum fuels have had a great influence on human success and they are currently one of the 
primary sources of energy. With a significantly increasing dependency on limited oil, and 
greenhouse gas emission expanding continuously due to the combustion of fossil fuel leading to 
environmental impacts on major scientific, technical and industrial sectors, these issues have 
led to the investigation of  ways to utilize alternative and available sources of energy such as 
natural gas to produce useful and clean chemical fuel and consequently electrical power.(1,2,5 ) 
Natural gas reserves will help the global economy and biogas as a part of natural gas can be 
generated by the aerobic decomposition of organic material and contains approximately equal 
amount of methane and carbon dioxide.(6) Landfill sites and sewage treatment plants are another 
vital source of biogas .(3) Because the majority of natural gas is methane which has the ability to 
react with carbon dioxide the amount of greenhouse gases could be reduced by turning them 
into useful chemical feedstocks (synthesis gases).(2 )This issue has become increasingly 
important in recent studies. 
1-1 FUEL CELLS 
The chemical energy from fossil fuels can be converted effectively in to electricity by fuel 
cells.(7)  
Fuel cells are electrochemical instruments that have the ability to produce electricity from 
chemical energy directly. When comparing against the traditional power generation techniques, 
fuel cell technology is cleaner and more efficient. (2, 8)                                                                                                                     
Several types of fuel cell exist and each type is characterized by the electrolyte materials, the 
operation temperature and ionic species they transport.                                                                                                                          




                                                                                                                                                
 
  Fig.1. The general operating principles of a fuel cell 
Hydrogen as the fuel is oxidized at the anode and generates proton and electrons. At the 
cathode oxygen is reduced to oxide ions and these oxide ions react with the protons to form 
water. Proton or oxide species travel through the electrolyte depending on its kind and electrons 
transport around an electrical circuit, producing electrical energy. (6) 
In the case of commercial applications researchers are investigating both polymer electrolyte 
membrane fuel cells which have lower operation temperatures (80 ͦ C), require hydrogen as the 
fuel and the electrodes are made from carbon with a platinum electrocatalyst; and the solid 
oxide fuel cell which uses a solid oxide as the electrolyte, requiring elevated temperature 
operation (750-1000 ͦ C) using hydrocarbons as a fuel and air as the oxidant. (9) 
Fuel cells which require hydrogen–rich gas streams as a fuel are potentially extremely 
expensive, as there is no hydrogen infrastructure present to deliver hydrogen fuel and 
developing this network would be a costly solution. Solid oxide fuel cells have been shown to 
be a promising technology that allows the utilization of a range of fuels such as petrol thanks to 
the high operation temperature. (6)In addition solid oxide fuel cells offer the combination of heat 
and power applications that increase their efficiency and also provide clean energy.(8,9)                                                                                                    
Recently methane –based fuels have attracted huge attention and both the fundamental and 
technology aspects have developed significantly. For example solid oxide fuel cell (SOFC) that 
are fed by biogas mixture have been considered with a power efficiency of about 48.7%, 
whereas traditional electrical generation efficiency via a gas turbine is around 41.5 %.( 9, 27) 
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1-2   REFORMING REACTIONS 
 
The conversion of hydrocarbon fuels into synthesis gas (H2+CO) can be achieved by three main 
chemical methods. (1, 3, 10)  Steam reforming (eq 1), carbon dioxide reforming (eq 2) and partial 
oxidation reforming (eq 3) 
CH4 +H2O            3H2 + CO ..........eq (1)   
CH4 +CO2             2H2 + 2 CO ...........eq(2) 
CH4 +1/2O2           2H2 + CO  .........eq(3) 
The difference in the reforming roles is due to the oxidising agent, the ratio of H2/CO, kinetics 
and energetics of the reaction.(1) Choice of reforming method depends on the application. For 
example, partial oxidation is useful for small portable systems where high efficiencies are 
required, whereas a high hydrogen content requires steam reforming.(2) However, in spite of the 
deactivation issues, when compared to the other reforming reactions, dry reforming has a 20% 
lower operation cost. (55) 
Recently, large volumes of research have been reported focusing on hydrogen generation by 
methane reforming. (1, 3, 9) 
1-2-1 Partial oxidation:- 
Because of the rapid start-up, simpler set-up of the reformer that does not require optimizing for 
heat transfer thanks to its exothermic nature, the partial oxidation process has becomes useful in 
small portable systems. (1,2) In addition, no requirement for a water delivery system makes 
partial oxidation reforming less expensive, more simple and suitable for remote location which 
may suffer from lack of water availability. (7)However some of the associated problems with 
partial oxidation (POX) is the ability to undergo  total oxidation (eq 4) or catalyst deactivation 
due to carbon deposition through methane decomposition (eq 5) 
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CH4 +2O2            2H2O + CO2  .......eq(4) 
CH4             2H2 + C                ........eq(5) 
In order to overcome these difficulties, the catalysts are required to have significantly better 
selectivity towards synthesis gas (H2+CO) than carbon dioxide and water.(8)                
Generally POX catalysts contain Ni. The Ni anode may play dual roles: catalyze the methane 
reforming reaction and encourage electrochemical oxidation of H2, CO and CH4.(6,9) However 
quick carbon formations on Ni surfaces and re-oxidation of Ni lead to decreased in the 
performance of fuel cells. This carbon deposition becomes worse at high temperatures due to 
the tendency of Ni to sinter and agglomerate in to large particles. (4) 
1-2-2 Steam reforming (SRM):      
                                                                                              
 The most common oxidant for converting hydrocarbons to CO and H2 is steam;(1) Although 
some of the CO is converted to CO2 via water gas shift reaction(eq 6) depending on the 
temperature and ratio of  the steam to methane: 
CO +H2O            H2 + CO2.........eq(6)  
To achieve maximum conversion, high temperatures, low pressures and high steam to 
hydrocarbon ratios are required. An increased cooling effect because of the  endothermic 
reaction at the cell inlet is one of the major problems with steam reforming which is very 
difficult to control and causes anode cracking. 
Steam reforming catalysts encounter four main challenges:                                                
 1-Sulphur poising, even at a ppb levels block the active sites. 
2- Carbon formation which crush the catalyst and block the active surface.3- Sintering due to 
high temperatures and high pressure of steam that may make the metal particles in the catalyst 
grow during the operation. 
5 
 
4- Activity, with the main reasons for low activity being sulphur poising or sintering that result 
in higher tube temperatures and even carbon formation. 
More information about catalyst limits, improvement of catalysts, the process and information 
at the atomic level of catalysts are required for overcoming these difficulties.(13) 
1-2-3 Dry reforming(DRM):- 
 
The importance of methane dry reforming has been widely studied. This reaction produces 
syngas from two important greenhouse gases and can reduce the net emission of these gases.(1,4) 
In addition this reaction is also used to generate a wide range of products. For example, it can 
be used to produce higher alkenes (eq9) via Fisher-Tropsch (FT,eqn) (eq7) (15) which requires 
H2:CO≈2:1 ratio and this feed ratio is provided by dry reforming and can then be combined 
with  the reserve water-gas shift reaction (eq8) to increase the selectivity toward long chain 
hydrocarbons. 
(2n + 1) H2 + nCO → CnH(2n+2) + nH2O.......eq(7) 
nCO + nH2O → nCO2 + nH2             ..............eq(8) 
The overall process is:- 
2 nCO + (n + 1)H2 → CnH(2n+2) + nCO2.........eq(9) 
Dry reforming (eq 2) is a highly endothermic reaction and requires high temperatures to reach 
high equilibrium syngas yields.(54) 
CH4 + CO2 → 2CO + 2H2   ΔH=247 kJ/mol......eq(2) 
Examples to drive the endothermic reaction forward are using the heat from solar-chemical 
energy.(53 )Tomishighe et al. also suggested utilizing partial (eq3) or complete oxidation (eq 4)  
due to their exothermic nature.(52)  
6 
 
CH4 +1/2O2 →   2H2 + CO   ΔH = -36 kJ/mol ........eq(3) 
CH4 +2O2 →   2H2O + CO2   ΔH = -803 kJ/mol......eq(4) 
In addition the CO2 and H2O act as co-reactants in steam and dry reforming. 
Deactivation of the catalyst because of carbon formation is one of the major problems 
associated with DRM. (16) Moreover, due to the endothermic nature of the reaction at high 
conversion, severe temperature gradients occur which leads to catalyst cracking. (14) Thus, 
catalyst development requires a high deactivation resistance to overcome sintering and carbon 
deposition. (1)   
 
In order to eliminate high energy demand for SRM and DRM reactions, authothermal reforming 
(ATR) technology that is a combination both of exothermic (POM) and endothermic (SRM or 
DRM) reaction was developed. The ATR process can be achieved by adjusting the molar ratio 
of the reactants; however, the main drawback of the ATR process is the high cost of oxygen 
separation (52) 
7CH4 + 3O2 + H2O → 7CO + 15H2 + CO2   ΔH = -6.8 kJ/mol……..eq (10) 
2CH4 + O2 + CO2 → 3H2 + 3CO + H2O ……………………..eq (11) 
 
Tri-reforming process (TRM) is an endothermic process which reduces the distinct 
disadvantages of DRM, SRM and POM processes besides increasing both the catalyst life and 
process efficiency. 
 




The big issue in TRM is controlling all three feeds together, as an unbalanced feed can result in 
the opposite effect on the catalyst. The presence of a large number of reagents causes a large 
number of side reactions, making the chemistry of the reforming process hard to study. (53) 
 1-3 Development of catalyst properties  
 
Many current studies have been devoted to developing solid oxide fuel cells to run on 
hydrocarbons at low temperature, which have several advantages including being suitable for 
residential power generation, reducing the system cost and increasing long-term component 
stability .(6,9) However, cell performance decreases because the ionic conductivity reduces at 
low temperature. (9)Furthermore, by direct hydrocarbon feeding, rapid deactivation due to 
carbon deposition remains another issue for reduced-temperatures. (1) 
Carbon can react directly with the catalyst and reduces the number of active site or destroys the 
microstructure by deposition within the metal porous structure. In addition, carbon blocks the 
flow of reactive gases in the system mechanically. (3 )The significant issue with carbon 
deposition is no reaction temperature gives a completely carbon free system 
thermodynamically. (4) At low temperature the Boudouard reaction is favoured (eq 13)) 
2CO(g) →CO2(g)+C(S)     ΔH = - 172 kJ/mol    .......eq(13) 
And at higher temperatures, methane decomposition occurs (eq 5) 
 CH4(g) → C(s)+2H2(g)    ΔH =19 kJ/mol  .........eq(5) 
Developing a material to give high ionic conductivity without deleterious carbon build-up at 
low temperatures has been the subject of many recent studies. 
Currently nickel/Yttria-Stabilized Zirconia (YSZ) is used for methane conversation. (8) 
Although the nickel-based anodes have been shown to have good conductivity and catalyst 
activity, nickel catalysts promote carbon deposition which leads to performance degradation.(4) 
8 
 
In addition, nickel cermet anodes are prone to re oxidation by the oxidant which may affect the 
cell efficiency. Many studies have been devoted to improving redox stability and coking 
resistance. For example, Run and Shao (9) have reviewed the anode materials for SOFCs and the 
development of practical nickel based cermet anodes which utilize hydrocarbons directly. 
To increase the coking resistance several strategies have been extensively investigated 
including:-                    
1-3- 1 Addition of steam /oxidant into the fuel gas to increase O/C ratio.                                                
A steam:methane ratio of around 2.5 is used in commercial steam reforming effectively to 
avoiding coke formation.(45) Although  steam introduction into the fuel gas can reduced coke 
formation, King et.al found that conversion of methane over a Ni-YSZ anode was significantly 
reduced from 78% to 9% after 120 hours operation at 700 qC under steam reforming 
conditions.(28) This deactivation was because of sintering, where small particles of Ni grow in 
size and thus reduce the total active surface area.                                                                  
Several studies of adding O2 or CO2 into the methane fuel gas to prevent coke formation over 
nickel anode have been done, (29) but this is problematic, as it leads to a decrease in the power 
density due to polarization resistance which increases with increasing amounts of oxidant. 
These results demonstrate that the majority of Ni anodes exhibit low catalytic activity and 
proper modification is required. 
1-3-2 Effect of  polarization current:                                                                                                               
Under polarization condition in the fuel cell, the oxygen ions (O-2) move from the cathode to 
the anode and by increasing the polarization current, the flux of O-2 increases which implies the 
conversion of fuels as methane into CO, CO2, H2 and H2O will increase.(30) Some researchers 
have demonstrated that polarization inhibits coke formation. For example, Koh et.al found that 
by applying current densities greater than 85 m A cm-2 coke formation could be supressed, 
because the carbon reacted with O2- as soon as it was formed.(31) 
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 1-3-3 Application of anode catalyst layer:                                                                                          
catalyst layers limit direct exposure of anode to the hydrocarbon and so reduce the coke 
formation process. Ru-CeO2 was used first by Zhan and Barnet due to lower sensitivity to 
coking in an internal reforming.(32) This thin layer of catalyst converts hydrocarbon into syngas 
under current density condition . Over this catalyst layer, CH4 and O2 have been converted into 
CO and H2. Power, H2O and CO2 are produced from electrochemical oxidation process during 
diffusion syntheses gas to the anode. The layer of catalyst by providing CO and H2 which have 
higher electrochemical activity than methane, improve the performance of the cell. (33)However 
the anode catalyst layer reduces the diffusion rates of reactants and products because it acts as a 
diffusion barrier and so decreases the power output. (34) Improvements in the microstructure of 
the catalyst layer can enhance the cell performance. Several studies in order to improve the 
anode catalyst layer have been made. The optimization of the Ni content in the anode by 
changing preparation methods, surface acidity modification and conductivity improvement are 
very important functions to enhance the fuel cell performance. (9) However ,Ni based catalyst 
layer in spite of  its lower cost could not be  ideal material at reduced temperature due to low 
catalytic activity for hydrocarbon conversion, thus more modifications are still required. 
1-3-4 Modification of the anode surface by introducing another metal:                                 
Catalytic activity against carbon deposition can be increased by providing a small quantity of 
another metal as a separate phase on the surface of the Ni particles in a nickel based anode. For 
example, the presence of a small amount of Au effectively inhibits the decomposition of 
methane. (35)  Results have indicated that Au prevents the dissociative adsorption of methane or 
the hydrogenation reaction step which causes carbon formation. However, the stability of the 
Au after high temperature thermal treatment decreases due to coarsening of the nanosize 
particles during long operation times. Other metals, such as Cu, Ru and Rh have also been used 
as additives. (9)Although several Ru and Rh based catalysts have been shown to have low 
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carbon formation ratios, these materials are prohibitively expensive (9, 56). In addition to Au, 
copper is inert toward carbon deposition and shows high electronic conductivity (36). Because 
carbon atoms energetically prefer the Ni (111) and Cu (111) sites, the adsorption energy of 
carbon could be at lower level during addition of Cu into Ni due to less overlap occurring 
between the C2p and the metallic 3d orbitals. 
To add Cu into the Ni-based anode several methods have been reported. Wet impregnation has 
been used to improve dramatically the cell stability and decrease the coke formation; however, 
it is difficult to control the microstructure of the deposited components and the process is time 
consuming. (37)   Another method to add active metals in to the Ni anode structure is 
electrochemical deposition which can control the morphology. This technique uses a direct 
current electro-plating method to add copper to porous electrode structures, but it is difficult to 
control the exact amount of electroplated copper. (38) Because of these limitations, microwave 
irradiation has recently been used for the synthesis of metal and metal oxide nanoparticles, 
however, the long term stability of this anode has still been the crucial issue up to now.(39) 
1-3-5 Modification of anode surface with other oxides(s):                                                                  
For practical applications, conventional Ni anodes are preferred due to their low cost, high 
electronic and ionic conductivity and high stability under fuel cell conditions. Many strategies 
have been applied to prevent the Ni surface from being directly exposed to hydrocarbon fuels to 
reduce carbon deposition and sintering. Oxide modifications have been extensively used to 
improve the anode performance via increasing coking resistance. For example, the addition of 
small amounts (1%) of CeO2 to Ni-YSZ suppressed the carbon formation and exhibited high 
performance for steam reforming of methane, (40) however CeO2 concentrations in excess of this 
limit deactivate the Ni catalyst. Some oxygen ion conducting ceria materials such as Sm0.2(Ce1-
xTix)0.8O1.9 (SCTX) modified Ni-YSZ have been utilized for direct methane reforming and  have 
shown significant performance improvement by 60% as compared to unmodified cell and the 
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authors attributed this improvement to rapid redox equilibria which  reduces the amount of 
carbon deposition and improves the stability of SOFCs.(41) Some studies demonstrated that the 
addition of proton conducting oxides such as SrZr0.95Y0.05O3 promoted dramatically Ni-YSZ 
anodes and improved the coking resistance because of increasing local O/C ratio on the surface 
of the catalyst in the anode.(42) 
1-4 Alternative anode materials 
 
Mixed metal oxides have been used as alternative anode materials because of their electronic 
and ionic conduction ability as well as their catalytic properties. (8) The ability to substitute 
different metals into their structures makes the catalysts less sensitive to deactivation. For 
example, perovskite materials with the general formula ABO3 greatly reduce carbon formation 
at lower cost than noble metals. One study in this field is Sr0.2La0.8CoO3 while showed potential 
as a catalyst which can be used in vehicle exhausts. (44) Several perovskites have been reported 
which have the ability to be alternative catalyst materials instead of traditional Ni anodes for 
methane reforming. However one important drawback of perovskite is their low electrical 
conductivity under anode atmospheres. (9) Several attempts to incorporate Ni into perovskite 
based catalyst have been made for increasing perovskite catalyst ability toward conductivity 
and reforming. A nickel doped SrZrO3 has been shown to be very efficient toward methane 
conversion at low temperature. (3) The catalyst displayed significantly lower tendency to carbon 
deposition compared to conventional supported nickel catalysts. To increase the catalyst 
activity, lower valence elements (typically rare earth metals) can be substituted in to the 
structure.  For example, the addition of Ce to Ni perovskite (La0.6 Ce0.4 Fe (1-x) NixO3) reduced 
the carbon accumulation dramatically due to creating oxygen vacancies which increased 
oxygen ion mobility and consequently oxidized adsorbed carbon. (43) 
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1-5 Pyrochlore structure: 
 
Pyrochlores are other important types of mixed oxides. They are crystalline thermally stable 
mixed metal oxides with a cubic unit cell and the general empirical formula A2B2O7. (11, 14)  The 
pyrochlore structure (fig 2) is derived from the simple fluorite structure AO2 (fig3). The 
difference is that the pyrochlore has two cation sites and one of the eight O anions absent.  The 
A site is usually occupied by a large cation typically rare-earth trivalent metal such as La and is 
coordinated with eight oxygen anions and the B site cation is occupied by a smaller tetravalent 
transition metal such as Zr and it is coordinated with six oxygen atoms.(1,10)  
Fig 2-structure of Pyrochlore, Blue atoms A3+, yellow 
B4+ and red O2- 
 
 
Fig. 3: Unit cell of fluorite, yellow atoms (A4+) and the red O2-. 
Pyrochlores are interesting for reactions that require thermal 
stability at high temperature such as dry reforming (DRM). (14) 
Using pyrochlore in dry reforming was first studied by Ashcroft et.al.(1) Two important 
properties make them interesting for this reaction. Firstly; oxygen ion conductivity due to 
oxygen vacancies in the structure which improves the oxide mobility as a result, limiting carbon 
deposition formed by CH4 dissociation. Secondly; isomorphic substitution of catalytically active 
transition metals like Ru in the B site where they do not sinter under DRM conditions. (11,16) 
There are two rules for forming a stable pyrochlore:  first: the ratio of the ionic radius at A and 
B site must be between 1.46 and 1.80 because if the ratio was above of 1.8 a perovskite phase 
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will be formed and if the ratio was under 1.4 a fluorite structure will formed. The second: total 
chemical valences of A and B ions must be in balance with the O ions.(17) 
Because of the thermal stability at reaction conditions La2Zr2O7 (LZ) pyrochlore has been 
considered as an appropriate material for partial oxidation reforming (POX) and has shown 
high ability to accommodate metals that increase the oxygen ion conductivity. (10)                                                                                                              
For B site substitution, Ru, Rh and Pt have been considered as catalytically active transition 
metals. (11) In spite of economic issues for noble metals, they have greater resistance to carbon 
formation compared to lower cost metals such as Ni which undergoes deactivation due to 
carbon deposition. (15) Thus enhancing a Ni catalyst with noble metals appears to be a good idea 
against carbon formation. (51)   
To inhibit carbon formation, the incorporation of an active metal within the pyrochlore structure 
leading to high oxygen mobility is considered to be an effective way in recent studies.                                                                                                     
To reduce the deactivation, Ni (3%) was substituted into the La-Sr-Zr pyrochlore (LSZN) for 
catalytic partial oxidation of a surrogate diesel fuel. This pyrochlore produced stable H2 and CO 
and had a lower amount of carbon deposition compared to Ni/Al2O3 after 2 hours of reaction. 
The resistance to carbon deposition has been attributed to the oxygen ion conductivity of the Sr 
which provides a localized oxygen source from the pyrochlore lattice to react with strongly 
adsorbed carbon. (7) Some researchers have reported Ru and Pt substituted pyrochlores in which 
the lattice oxygen gasifies  surface carbon and the amount of carbon deposition is reduced 
dramatically.(50) La(2-x)SrxRhyZr(2-y)O7 showed a high resistance to deactivation by sulphur, 
aromatics and carbon deposition compared to  La2Zr2O7. Rh metal has shown high selectivity 
toward H2 and CO with low carbon formation,(48) but because of the Rh cost some researchers 
substituted Ru as an alternative active metal in the pyrochlore structure with improvement in 
the catalytic activity demonstrated. (46, 12) Ashcroft in his study observed that (Ln2Ru2O7: Ln is a 
lanthanide) are extremely active for partial oxidation and dry reforming of methane. However 
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the Ru pyrochlore was not stable under reforming conditions. (47) The decomposition of the 
pyrochlore occurred when bulk Ru-metal was created under reducing reaction conditions. The 
stability of Ru catalysts can be improved by partially substituting Ru  into the structure of 
lanthanium-stronium-zirconat which is more stable and results showed that the LSRZ 
accumulated less carbon on the structure due to greater oxygen ion conductivity of the Sr-
containing pyrochlore. Ru substitution creates a less expensive catalyst that has high resistance 
to sulphur and aromatic deactivation. In addition it has comparable activity to the Rh 
substituted catalyst. (2)        
 In the case of A site substitution, Gaur et al. substituted Ca at the La site in LRZ leading to an 
increase in stability and a reduction in the carbon deposition. (14) This substitution creates 
oxygen vacancy and probably decreased the bond-energy of La-O and Zr-O bonds as during 
DRM these bonds break and O2- is released from the structure, but the lattice oxygen is not 
depleted from the pyrochlore because it is replenished from two sources. The first, from 
dissociation of CO2 and the second from the steam which is formed during the reaction. (1,14)  
The ionic radius ratio r(A3+)/r(B4+) has an important role in the crystal structure. Low activation 
energy and high mobile vacancies concentration are necessary to obtain high conductivity, and 
these two functions are related to the lattice structure. Generally pyrochlore oxides can be anion 
conductors, because the O2- ions are at the 8b and 48f sites and in the completely ordered 
pyrochlore the 8b site is vacant. Therefore they have low activation energy. (14) On other hand, 
because the ionic radius ratio is higher than 1.46 they have low concentrations of mobile 
vacancies. Reducing in r(A3+)/r(B4+) causes O2- occupies partially the 8b site vacant, as a result 
oxygen vacancies will formed at the 48f site. However, due to cation disordering the activation 
energy will increase and the fluorite –type structure will be produced.(1,14) Many studies have 
reported that the highest ionic conductivity is obtained at the phase boundary between 
pyrochlore and fluorite phases due to lattice distortion, which acts as a driving force. This 
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property is obtained by doping elements into A, B and both sites. The effect of doping on the 
ionic conductivity in series of (La1-xYx)2Zr2O7(0<x<1) was reported by F.Yang et al. (18) To 
achieve the highest improvement in conductivity there should be as many phase boundaries as 
possible and the two phase components should have similar conductivity to prevent phase 
boundary mixing by the less conductive second phase. The highest conductivity is obtained 
when x=0.5 where two phase composites contain 82 and 18% pyrochlore and fluorite phases 
respectively.  
1-6 other ways to increase catalyst resistance 
 
Greater dispersion of active metal on the catalyst surface provides a larger active surface and 
generally limits the carbon formation. (1) Changing the properties of the support, type of metal, 
metal concentration, promoter and preparation method can result in a catalyst with high 
resistance to deactivation due to increase in dispersion ratio.                                                                                                        
Mixed oxides catalysts for reforming have been prepared by various synthesis methods and 
because the preparation method affects the final catalyst properties, these appear to focus more 
on which parameters give ideal catalysts and these are high purity, small average particle size 
and large surface area.(5)                               
The solid state synthesis method requires a series of heating cycles at high temperature, often in 
excess of 800 ͦ C, but the products suffer from low surface area because of agglomeration and 
compositionally contain multiple unwanted phases. (3,11) Cao et al. in their study reported that 
proper addition of ceria by using solid state route at 1873 K for 12 hours could largely reduce 
the thermal conductivity and also improve the sintering resistance of LZ pyrochlore.(19)                      
To prepare pure and fine nanocrystalline powder at low temperatures, Joulia et al. used an 
organic sol-gel (alkoxide) method and citrate synthesis to synthesise La2(Zr1-x Cex)2O7. (20) 
However, the sol-gel method is expensive due to using alkoxide solutions. (21)                                                                                                           
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Co-precipitation is another method for synthesizing high-purity catalysts at low temperature. In 
this method the nitrate or chloride is used as a precursor solution that is added into a strong base 
solution under constant string at room temperature, the precipitate is then washed with water, 
ethanol or a mixture of both solvents and finally dried at 120 ͦ C overnight. (20)Several pyrochlore 
and perovskite compounds are formed from this method.(5,20) Although co-precipitation and sol-
gel produce fine powders with high phase purity, calcination at high temperature is necessary 
for crystallization.(22) In contrast to the other synthesis techniques the hydrothermal method has 
great potential to prepare complex oxides with high quality and high surface area at relatively 
low temperature.(23) In addition it is easy to control the reaction kinetically.(24) The 
compositional homogeneity and extra small grain size are achieved because of elimination of 
calcinations step.(25) Phase-pure lanthanum stannate pyrochlore (Ln2Sn2O7) has been fabricated 
by several methods and only by the hydrothermal route showed nanosphere morphology, large 
surface area and improved redox properties. (17)Arbag et al. synthesized Ni substituted silicate 
mesoporous MCM-41 catalyst and promoted it with Rh by using both a hydrothermal and an 
impregnation method and they observed that the hydrothermal method made a catalyst which 
showed lower selectivity for reverse water gas shift (RWGS) as compared to the other route. (1) 
The hydrothermal method uses a sealed vessel like an autoclave to increase the autogenous 
pressure that leads to an increase in the temperature of solvent higher than the boiling point .It 
also produces pure phase materials and avoids poor stoichiometry by changing in the condition 
of reaction. (26)Besides preparation method, the nature of counter-cation and the solvent are also 
other parameters which influence the structural phase of the compound. The effect of chloride 
and nitrate precursor on the properties of LZ showed that the low polarisable counter-cation 
(chloride) favoured the formation of another phase. (20) Crisafull et al. studied the effect of 
precursor of Ru in Ni-Ru on SiO2 catalyst and observed higher dispersion with nitrate as 
compared to chloride which means smaller Ni particles are formed  and thus greater resistance 
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to deactivation.(49) Furthermore the Cl- blocked the active site and decreased the activation. 
Energy nature of the solvent had an impact on the particle size. Organic solvents permitted the 
formation of large particles than aqueous solvent which have strong interactions which lead to 
smaller particle size. (20)  
 
1-7 H2S Poisoning:- 
Liquid hydrocarbons mostly contain sulphur impurities up to 3000 ppm by weight, and even 
deep desulfurization treatment cannot wholly remove H2S contaminants. To purify the feed to a 
low level of sulphur a high percentage of operating costs is required; therefore, the development 
of a catalyst that maintains their activity in the presence of sulphur compounds is preferred.  
The reactivity of sulphur is related to the number of electron pairs present for bonding 
therefore; toxicity increases in the order of SO42-, SO2 and H2S54.  Metal catalysts are affected 
by trace levels of H2S because of strong sulphur –metal bonding. The chemisorbed sulphur on 
the metal catalyst involves the s and p orbitals of the sulphur interacting with the d orbital of the 
metal. Sulphur can decrease the availability of electrons in the d orbitals and thus withdraw 
charge from metals and therefore reduce the connection probability between the metal and 
reactants.  Besides the formation of metal sulphides, the catalyst can also be deactivated by the 
formation of sulphates on the support by changing the crystal arrangement.  
1-8 Mechanism of H2S poisoning:- 
According to the recent literature there are three primary types of poisoning mechanism called 
1-sulphidation, 2-alteration and 3-coke formation by which sulphur compounds can affect the 
performance of a catalyst55,56.   
Sulphidation mechanism is related to the interaction between sulphur and catalyst active sites. 
In this process, metal sulphides form by reacting hydrogen sulphide gas with the active metal 
sites, and then the catalyst loses its reforming activity for producing syngas from 
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hydrocarbons57. Deactivation here depends on the temperature and H2S concentration in the 
feed gas58.  At low concentrations of H2S, sulphur will be adsorbed on to the catalyst surface 
while at the higher concentration subsequent sulphidation reaction occurs and sulphur will be 
adsorbed into the catalyst material to form metal sulphides resulting in a permanent loss in 
activity59, 60. In general, raising the temperature or reducing the sulphur content can regenerate 
the catalyst that was deactivated by adsorption of sulphur on to the surface which blocked off 
the access to the metal sites61,62. To suppress the formation of strong sulphide bonds in the 
structure, slightly oxidising environment from the lattice structure of the catalyst or from the 
feed gas will be helpful to convert sulphide into SO2 species63.    
In the second mechanism, sulphur poisoning alters the catalyst functionality by affecting the 
reaction pathways of adsorbing reactants on the surface of metal sites. This phenomenon is 
reported in catalysts that have heterogeneity in their material structure64. For example in the 
ethane partial oxidation system and in the presence of SO2, the selectivity of Pt and Rh catalysts 
toward steam reforming reduce due to the SO2 enhanced ethylene production65.    
The third mechanism suggests sulphur compounds help carbonaceous coke growth on the 
catalyst in alkane reforming reactions. In this mechanism, sulphur atoms interact with alkyl 
radicals to form R-S species. The R-S species rapidly dehydrogenate to give very stable coke 
deposits on the active sites of the catalyst66-68. Many studies report that the presence of a small 
amount of H2S reduces the amount of carbon formation by deactiving some of the metal sites 
that reduce the rate of coke formation69. 
1-9 Improving tolerance toward H2S poisoning:- 
One approach to enhanced sulphur resistance in reforming systems is by improving the catalyst 
materials. This improvement can be obtained through elemental additives that increase the 
sulphur resistance of reforming catalysts 70,71. In addition to incorporating elemental 
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components into the catalyst material, the development of a sulphur resistant catalyst structure 
also enhances catalyst performances72. 
1-9-1 Elemental additives: 
1-9-1-1 Sulphur prevention elements:- 
A few elements such as cerium and alkaline species can prevent sulphur build-up on reforming 
catalysts. For example cerium, by increasing oxygen mobility in the lattice of the catalyst 
structure, results in the formation of sulphur oxides on the active metal sites that are more easily 
removed at high temperature instead of the formation deposited sulphur73,74. Postle studied the 
interaction of sulphur with a commercial Ce0.9 Gd0.1 O2-x catalyst and its influence on H2 
production from CH4/H2O. The study showed that the activity improved on substitution of 
oxygen sites in the ceria lattice with sulphur anions, producing new catalytic sites which 
increased methane conversion75. Alkaline components are beneficial due to reacting with 
sulphur compounds before reaching the active metal sites to prevent catalyst poisoning76. 
Barium oxide has been used to prevent sulphide formation on the catalyst by generation of Ba-S 
instead of the formation of nickel sulphides77. Other studies have shown that potassium 
influences the Ni-S bond and prevents permanent poisoning78. 
1-9-1-2 Sulphur tolerance elements:- 
Noble metals have similar catalytic properties to transition metals but are more resistant to 
sulphur poisoning. Kantservo showed that the presence of a small amount of Pd or Pt enhances 
the stability of Ni species in the presence of sulphur for the tri-reforming of methane. TRM 
reaction applied at 800 ͦ C on the mixture containing 3500 ppm H2S over 10 min was equivalent 
to 58 hours in a natural gas containing 10 ppm H2S79.  Mata prepared a Ru perovskite with Sr 
partial substitution. This study showed a high and stable yield toward hydrogen production at 
850 ͦ C under auto-thermal reforming of methane in the presence 50ppm H2S over 24 hours80. 
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1-9-1-3 Synergistic combinations:- 
Synergistic effects can be seen when two components that individually are not tolerant to 
sulphur are combined and improve the catalyst tolerance to sulphur poisoning.  In Gaillard’s 
study, molybdenum incorporated into Ni catalysts improved the reducibility and helped in the 
removal of carbon and sulphur deposition from the surface of the catalyst81. In Nikolaos study, 
the doping of Au shifts the equilibrium of sulphur reactions toward H2S formation by changing 
the electronic properties of the catalyst82. Cobalt also shows the same role as Au doping in Ni 
catalysts. Moreover, cobalt prevents the deactivation of the Ni sites by reacting with the sulphur 
content in the feed83.   
1-9-2 Structural Modification: 
1-9-2-1 Pyrochlore, perovskite and metallic alloys:- 
Pyrochlore and perovskite materials are a class of metal oxides with a general formula of 
A2B2O7 and ABO3 respectively that are interesting adductors to avoid sulphur poisoning. An 
essential property of these materials is that catalytically active metals can be substituted into the 
structure which imparts specific properties against sulphur compounds84, 85-54. This material by 
providing labile lattice oxygen atoms, minimises the negative effect of sulphur from the 
catalyst. The group of Spivey have worked extensively on pyrochlore materials86, 87. For 
example, they found that La/Sr/Zr/Rh pyrochlores lose some activity at the initial stages of 
reforming in the presence of 50 ppm dibenzothiophene without continuous deactivation with 
time on stream. They suggest that the poisoning occurred on the catalyst surface and when 
sulphur was removed from the stream almost full activity was seen88. 
Alloys of Ni also have certain sulphur resistant properties. Alloying by reducing the rate of the 
most destructive bond such as carbon-carbon and metal-sulphur bond and increasing the rate of 
competing reactions such as carbon and sulphur oxidation, improve the tolerance of catalysts.  
Nickel can be alloyed with several metals such as iron, cobalt, manganese and others89, 90.  
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Huq showed that due to the foam structure of a nickel-tin alloy, the catalyst had excellent 
resistance in the presence of 200 ppm H2S at 850  ͦC. Tin enhanced both carbon deposition 
resistance and sulphur tolerance by acting as a site blocker avoiding the Ni interacting with the 
sulphur and therefore improving the stability of the reforming catalyst 91. The addition of Mo 
and W to Ni-based catalysts reduces deactivation in steam reforming. In the presence of any 
sulphur species, Mo tends to form MoS2 and the active sites of the Ni would not be affected. Ni 
catalysts doped with Mo are more sulphur resistant than Ni catalysts alone in the presence of 10 
ppm H2S92, 93 
1-9-2-2 Core- shell structure:- 
Coating metal active sites with inert materials forming core-shell structures isolate unwanted 
sulphur and allow reactants to enter the core side for reaction. Hua et al.94 demonstrated, 
Ce/ZrO2 shell by coating with Ni-Cu nanoclusters enhanced the conversion of methane in dry 
reforming in the presence of 500 ppm H2S at 800 ͦ C. The cell had a maximum power density of 
1.05 W cm-2. Tosodkov showed that by incorporing Fe2O3 into the shell structure this reduced 
the impact of sulphur by increasing H2S conversion into elemental sulphur in steam 
reforming95. 
1-9-2-3 Adjusting synthesis method and catalyst structures:- 
Researchers have shown that adjusting the conventional synthesis method can enhance the 
sulphur resistance properties of a catalyst. Postal et al. used the wet impregnation method to 
obtain iridium and cerium-based catalysts. They compared the resistance of this catalyst with 
the same adjusted catalyst where iridium was oxidised at 300 ͦ C followed by reduction at 500 ͦ 
C. The adjusted catalyst recovered its activity when sulphur was removed from the feed 
stream96. 
Misture et al reported that the presence of defective spinel oxide sites has an essential role in 
providing oxygen which helps to remove deposited sulphur on the catalyst which results in 
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additional reaction sites. They found that the Ni/Co ratio and the synthesis temperature of the 
starting spinel affects the reforming activity and sulphur tolerance97. 
Shakouri studied the effect of preparation method, Ni/Co ratio and reduction temperature on Ni-
Co/AlMgOX catalyst. The catalyst with higher Ni content showed higher resistance to H2S 
poisoning. Also, Ni was easier to reduce than cobalt, and the reforming activity of the catalyst 
prepared by impregnation preparation method was better than the coprecipitation method. They 
also showed that a reduction at 850 ͦ C produced larger particle sizes than at a lower 
temperature98.  
1-10 Regeneration of sulphur-poisoned catalysts:- 
Since most of the catalysts are expensive and the lifetime of reforming systems depends on the 
catalyst performance, therefore the ability of the catalyst to recover itself is one of the critical 
properties that the industrial sector are looking for it. Catalyst regeneration usually requires 
harsher conditions than the standard operating conditions in a reactor.  
The regeneration method, generally involves thermal treatment in oxygen, hydrogen or steam 
atmosphere. The regeneration step also consumes a significant amount of energy which makes 
the researcher’s interest in this field to reduce the cost of the reforming process54,85 
Yong investigated the deactivation and regeneration of Ni-Ce catalysts supported on alumina 
under steam reforming conditions during sulphur poisoning. The study showed that the 
deactivating behaviour remarkably depends on the operating temperature and the H2S 
concentration. The regeneration of the catalyst was studied under conditions of H2S removal, 
increasing the temperature and by steam treatment. The results showed that the catalyst could 
not regenerate itself at low temperature while at high temperature due to the mechanism of H2S 
adsorption; the catalyst could recover its activity easily. The complete catalyst regeneration 
occurred within three hours of the stream treatment following by three hours of H2 reduction, 
even after low-temperature poisoning, 99. 
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Other commercial treatments were reported by Izquiredo et al and included oxidizing sulphur 
deposits into sulphate species and then thermally decomposing into SO2 gas. Metal oxides can 
then be reduced back, to be recycled. The study suggests that the incorporation of ceria may 
help the regeneration process by enhancing oxygen mobility promoted by the Ce3+/Ce4+ redox 
mechanism100. 
Complete activity recovery of a Ni-ceria based catalyst after poisoning to 7400 ppm of 
thiophene was obtained by thermal treatment at 800 ͦ C in O2/N2 50:50 mixtures. The need for a 
reduction step before rerunning the reaction is one drawback of this treatment, which is 
necessary after oxidising the nickel sites. The catalyst may deactivate by thermal degradation 
and/or phase transferring of the active components due to the exothermicity associated with the 
oxidative treatment. Therefore this application cannot be used as a general regeneration 
procedure.101 Oxidative treatment is however useful when the catalyst structure does not change 
at high oxidation temperatures. Some authors have used diluted oxygen at high temperature to 
reactivate Ni/Al2O3 but the irreversible formation of the inactive spinel NiAl2O4 occurred102. 
Reactivation of sulphur-contaminated catalysts in steam instead of oxygen treatment was 
studied by Rostrup-Nielsen103. Steam can remove sulphur as hydrogen sulphide via:- 
NiS + H2O → NiO + H2S 
90% of the sulphur can be removed using this treatment at temperatures between 800 and 
 900 ͦ C. Complete sulphur removal from the catalyst surface after steam treatment was 
indicated in the study by Oudghiri-Hassani et al. However alterations of the catalyst structure 
due to Ni oxidation were identified by infrared spectroscopic analysis. The H2O may produce 






1-11 Aim of this PhD thesis:- 
 
This PhD thesis aimed to:- 
¾ Prepare new pyrochlore with Ni incorporation and compare the performance with Ru 
incorporation. 
¾ Study the effect of the Pechini and hydrothermal preparation methods on the 
performance of the catalyst. 
¾ Characterise the catalyst by various techniques (XRD, SEM, BET and TPR). 
¾ Study the effect of methane dry reforming in a 2:1 and 1:1 CH4: CO2 ratio on catalyst 
performance and at the various temperatures. 
¾ Determine the quantity and quality of carbon deposition on each catalyst. 
¾ Determine the stability of the catalyst under H2S poisoning 
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2-1. Catalyst preparation: 
2-1-1. 0.5Ru-LCZ (Hydrothermal method) 
The LaCeRu0.5Zr1.5O7 oxide was prepared by the hydrothermal method using salts of [La 
(NO3)3.6H2O], [ZrOCl4.8H2O], [Ce(NO3)3.6H2O] and [RuCl3] as precursors. 0.5 mol of each 
salt was dissolved in 40 ml of deionised water and then 3 ml of [La(NO3)3.6H2O], 3 ml of 
[Ce(NO3)3.6H2O], 4.5 ml of  [ZrOCl4.8H2O] and 1.5 ml of [RuCl3] were transferred into a 23 
ml Teflon-lined stainless steel autoclave. NaOH solution (pH=10) which act as mineraliser, 
was dropped into the above solution. It was stirred by hand to form a thick gel. The autoclave 
was kept at 210qC for 72h. Then the autoclave was cooled to ambient temperature naturally. 
The resulting product was recovered by three cycles of centrifuging at 5000 rpm for 15 
minutes and washed with distilled water before being dried at 60 ͦ C overnight. Finally, the 
resulting material was ground to form a fine powder and was calcined 2h at 800 ͦ C before 
characterisation. 
2-1-2. Ni-LCZ (Hydrothermal method) 
The LaCeNixZr2-xO7(x=0.25, 0.5, 1) samples were prepared by the hydrothermal method 
using salts of (ZrOCl2.8H2O), (Ni(NO3)2.6H2O), (Ce(NO3)3.6H2O) and (La(NO3)3·6H2O) as 
precursors. 0.5 mol of each metallic precursor was separately dissolved in 40 ml of deionized 
water. The appropriate amount of each salt solution as shown in table below was transferred 
into a Teflon lined stainless steel autoclave, and then NaOH which act as mineraliser was 
added in the above solution. This was stirred by hand to form a thick gel. The autoclave was 
heated in an oven at 150 qC for 96 hours. The autoclave was then cooled to ambient 
temperature naturally. The resulting product was washed with ultra-pure water and recovered 
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using several cycles of centrifuging at 5000 rpm, then the sample was dried and ground to 
form a powder used for characterization and catalyst testing.  
Table 2.1: Quantity of reagents in pyrochlore samples 
Pyrochlore Catalysts La(NO3)3·6H2O Ce(NO3)3. 6H2O Ni(NO3)2.6H2O ZrOCl2.8H2O NaOH 
LaCeNiZrO7 3 ml 3 ml 3 ml 3 ml 0.44 g 
LaCeNi0.5 Zr1.5 O7 2.5 ml 2.5 ml 1.25 ml 3.75 ml 0.46 g 
LaCeNi0.25Zr1.75O7 2.5 ml 2.5 ml 0.6 ml 4.3 ml 0.46 g 
 
2-1-3. Ni-LCZ (Pechini method) 
LaCeNixZr2-xO7 (x= 0.25, 1) was prepared by the Pechini method. The precursors used were 
ZrOCl2.8H2O, Ni(NO3)2.6H2O, Ce(NO3)3.6H2O and La(NO3)3·6H2O. 1 mol of each salt was 
separately dissolved in de-ionized water. 2.5 ml of each salt solution were mixed together and 
then 12 ml of citric acid was added to the mixture of 10 ml salts. To ensure complete metal 
complexation, the solution was continuously stirred and heated to 75 ͦ C. 12 ml of ethylene 
glycol was added to the above solution at 75 ͦ C. A viscous gel was obtained after the solution 
had been kept stirring and the water evaporated. The resulting foam was placed in an oven at 
110 ͦ C to dry overnight and then calcined at 1000 ͦ C for 8 hours to burn off the organic 
precursors and form the pyrochlore catalyst. 
2.2 Characterisation:-  
 
The synthesized samples were characterized using powder x-ray diffraction (XRD), scanning 




2.2.1 Powder X-ray diffraction:- 
Powder X-ray diffraction is an essential tool for structure characterisation during methane 
reforming because of: 1-Determination of the structure of a catalyst by the peak positions, as 
two different materials show different X-rar diffraction patterns .2- Periodically arranged 
atoms in a crystalline material provide a series of a sharp peak, while, amorphous materials 
due to the random nature of the arrangement of atoms produce broad, noisy background. 3-
identify the material changes due to the reforming reaction e.g. changes in the structure of 
composition may be lead to the deactivation of the catalyst.  
To perform powder X-ray diffraction (PXRD) analysis, the ground catalyst is placed into a 
sample holder with diameter 25 mm and depth of 1 mm. A smooth surface was achieved by 
pressing a glass slide against the sample. Then, the sample holder was placed into a Bruker 
D8 Advance powder X-ray diffractometer which used Cu Kα1 radiation with a wavelength of 
1.5406 Å at 40 KV and 40 mA tube voltage and current respectively. Patterns were collected 
between 10 and 90q (2θ). The patterns as raw files were then converted to Excel files for 
analysis. The international centre for diffraction data PDF-2 database was used for peak 
identification by referencing peaks to existing powder XRD patterns. 
2.2.2 Scanning electron microscopy 
Scanning electron microscopy (SEM) is one of the main analytical techniques used for 
analysing the morphology and composition of a catalyst. SEM gives a high magnification 
image with good depth of field and excellent resolution. The EDS analysis was used to check 
homogeneity of the tested materials as this gave the elemental composition.                                                                                                                                                                                                                                                                     
For scanning electron microscopy (SEM), samples were dispersed onto a conductive carbon 
tab that was placed onto a 15 mm stainless steel stub (Hitachi), coated with a thin layer of 
gold and are then mounted on to a special stub, then the stub was mounted to a pedestal 
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within a high resolution (1.5 nm) field emission SEM, (the Hitachi S4500) and the imaging 
chamber was evacuated.  
2.2.3 Bruner, Emmett and Teller (BET) analysis:- 
Measuring the BET surface area is an essential property for many materials. The concept of 
the theory is based on isothermal adsorption of nitrogen at a set temperature and pressure. A 
surface of catalyst will adsorb a set quantity of gas, and by using the BET equation (1), the 
surface area will be determined. 
     ………….Equation1 
x The equilibrium (p) and the saturation (p0) pressure of adsorbates at the temperature of 
adsorption. 
x The adsorbed gas quantity (na) (for example, in volume units) 
x nm is the monolayer capacity 
x The BET constant is, C. 
x Stotal is the total surface area 
 
An Autosorb-1- series analyser was used to perform BET measurments. 0.2 g of sample was 
measured and then placed into a 12 mm sample cell, which was attached to the Autosorb with 
a Swagelock fitting. To remove water and other contaminants from the sample, the sample 
was outgassed under vacuum. At the same time, the temperature of the sample was increased 
to 350  ͦC with a temperature programme of 1 ͦ C min-1 and then a held for 2h. After that, the 
cell was cooled to room temperature before submersion in liquid nitrogen to -196 ͦ C. To 
determine desorption and adsorption isotherm, the adsorbates gas of nitrogen was used and 
the surface area was determined by using AUTOSORB Software. 
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2.3 Experimental Set-Up of Catalyst Testing 
Three types of experiments were performed during the dry reforming reaction. To find the 
most active catalyst among the prepared catalyst, and to determine the durability of catalyst, 
and to find the poisoning resistance and regeneration trend of the catalyst, the activity test, 
long-term stability and catalyst poisoning tests were performed respectively. 
Catalyst testing was performed by placing 20±0.5 g of the catalyst in a quartz reactor tube 
between two pieces of quartz wool. This reactor was placed in a Eurotherm controlled electric 
furnace and the temperature monitored with a k-type thermocouple. A gas manifold delivered 
reactant gases to the furnace, and was controlled by mass flow controllers, and each gas could 
be turned on or off independently. The gas mix was sent through the catalyst within the quartz 
reactor tube. The product gases were delivered to a quadrupole mass spectrometer (QMS) 
where up to 12 separate mass fragments can be analysed in virtually real time. 
2-3-1.Catalyst Reduction  
The catalyst was reduced before each reaction to activate the catalyst prior to reforming. 
Experiments used 20% of H2 in a Helium carrier with flow rates of 2 ml min-1 and 18 ml min-
1 respectively. The reduction was done by using a temperature programme at a rate of 10 ͦ C 
min-1 from room temperature to 900 ͦ C to ensure complete reduction of the sample. The 
sample was then cooled under helium flow to the desired temperature of isothermal reaction. 
Temperature-programmed- reduction (TPR) is one of the best, quickest and economical 
methods for catalyst characterisation particularly when using a new or modified catalyst. 
TPR is widely used for providing a qualitative picture of the reproducibility of the catalyst 
surface by integrating the peaks for hydrogen consumption and water evolution as well as its 
high sensitivity to chemical changes.7 
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2-3-2. Reforming Reactions  
2-3-2-1. Catalyst Activity Test 
To find the best catalyst from the prepared catalysts, the temperature programmed reaction 
surface (TPRS) technique was applied after reduction experiment. 
The TPSR technique is used for comparing and screening different catalysts under various 
conditions. The samples were reduced to 900 ͦ C and cooled back to room temperature to 
perform TPSR. During cooling time, the appropriate reactant gases were measured until the 
mixture had established. The TPSR followed an up cycle and down cycle of increasing and 
decreasing temperature to determine any hysteresis effect. The samples were heated at the rate 
of 5 ͦ Cmin-1 to 900 ͦ C and cooled down to 300 ͦ C by the rate of 10 ͦ C min-1 with the reactant 
gases passing over the catalyst. All reactants of a complete cycle were monitored by QMS 
with a scan rate of 12 seconds. The space velocity in all cases was approximately 60000 mL 
hr-1 g cat -1  
2-3-2-2. Long Term Stability Test  
To determine the stability of the catalyst, the chosen catalyst was reduced, and the 
temperature was adjusted at the desired temperature with the flow of pure helium passed 
through the sample. The appropriate flow rate of the reactant gases was established, and after 
5 min of initial reading by the QMS, the reactant gases were passed over the catalyst, and 
QMS recorded produced gases during the designated reaction period. A flow of pure helium 
is re-established after turning off all reactant gases and then the furnace allowed to cool down. 
2-3-2-3. H2S Poisoning Test:- 
 
H2S poisoning test was performed to study the resistance of the catalyst towards the H2S. The 
test was the same as for the long-term stability test, but the difference was in adding sulphur 
from a 10 ppm cylinder. The period of reaction was dependent on the resistance of the 
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catalyst toward H2S. 10ppm H2S was chosen and tested on 1-Ni-LCZ (Hy) at 850 ͦ C to obtain 
the best concentration to start with. As this catalyst showed long-term stability for 72 hours, 
the amount of 30 ppm as the highest concentration was selected to decrease the lifetime and 
study the poisoning behaviour faster. The concentration of H2S was kept at 30 ppm, and the 
experiments were performed at various temperatures to study the perfect temperature. As the 
amount of H2S was too low, the QMS cannot detect any H2S fragments. 
2-3-2-4. Sulphur Poisoning Recovery  
 
The recovery from the H2S poisoning experiment was performed by removing the H2S feed 
and increasing the helium flow to maintain a total flow of 20 ml min-1. The recovery was 
investigated in two ways. 
1-    The effect of initial H2S concentration on recovery:-the experiment was 
performed after poisoning the catalyst with 10, 20 and 30 ppm H2S, then the H2S was 
removed from the reaction stream, and the temperature was increased to 900 ͦ C 
2-    The effect of temperature on recovery:-after poisoning with 10 ppm H2S at 850 ͦ 
C, the poisoning factor was removed and the temperature was changed after 20 hours 
to 800 ͦ C and after 45 hours increased to 900 ͦ C. 
The recovery was monitored as in section 2-3-2-2 before cooling under inert helium flow 
ready for TPO. 
2-3-3 Temperature Programmed Oxidation  
 
The amount of deposited carbon on the catalyst after each reforming reaction was quantified 
by temperature programmed oxidation (TPO) with 10% O2 in He and total flow rate of 20ml 
min-1. The experiment was performed by raising the temperature to 900 ͦ C and with 
temperature programme of 10 ͦ C min-1. The deposited carbon is oxidised to CO and CO2 and 
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then passed to QMS for analysis. The carbon desorption is monitored and quantified using 
predetermined calibration to find a mass of carbon deposition during reaction.  
2-4. Data analysis procedures:- 
MKS spectra mini lab provides the signal of ion fragments. Sensitivity value was determined 
by using oxygen as a reference gas due to its ionisation ability to account for other mass 
fragments.  Then sensitivity relative to oxygen was calculated by the following formula: 
𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑜𝑥𝑦𝑔𝑒𝑛
𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑔𝑎𝑠
×
𝑟𝑒𝑎𝑑𝑖𝑛𝑔 𝑓𝑜𝑟 𝑔𝑎𝑠 𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡
𝑟𝑒𝑎𝑑𝑖𝑛𝑔 𝑓𝑜𝑟 𝑜𝑥𝑦𝑔𝑒𝑛 𝑚𝑜𝑙𝑒𝑐𝑜𝑙𝑎𝑟 𝑖𝑜𝑛
 
 
The flow rate is accurately measured using pre-calibrated mass flow meters. 
To convert the signal to the mole of gas, firstly, the correction factor was determined. Helium 
was used as inert and unaffected gas to account for the difference in gas ionisation as a result 
of redox behaviour at the filament. The intensity correction factor was calculated by dividing 
the first value of helium into each subsequent value.  Then, the next formula was used to 
determine product gases corrected signal strength:   
𝑠𝑖𝑔𝑛𝑎𝑙 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 
𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦
× 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛𝑛𝑓𝑎𝑐𝑡𝑜𝑟 
The above formula is without units and only shows the relative amount of each gas, but by 
using the ideal gas law this value can be converted in to the moles. As at the same 
temperature, pressure and volume the same number of moles is available, an average value of 
methane before passing over the catalyst was taken, and all corrected value were divided by 







 2-5 Results and discussion:- 
 
2-5-1-1 - X-ray diffraction (XRD) of LaCeZr2-xNix O7 prepared by the hydrothermal method 
 
To confirm that a pyrochlore phase has successfully formed, the catalysts were analysed using 
XRD. The XRD profile for the non-Ni containing LCZ showed a crystalline pattern that is 
indicative of the cubic La2Zr2O7 pyrochlore phase with typical intense diffraction peaks of the 
pyrochlore structure at 2θ=28.74 ͦ, 33.31 ͦ, 47.83 ͦ and 56.76 ͦ (fig 2-1). The peaks are sharp 
indicating an increase in crystal grain growth 1. Doping Ni in to the B site introduces typical 
diffraction peaks of NiO at 37.68 ͦ and 43.06 ͦ.  
The XRD patterns of spent catalysts show peak splitting which suggests the mixed structure 
of cubic La/Ce ZrO4 oxide phase with space group P213 and Pyrochlore Ce/La Zr2 O7 with 
space group Fd-3m are in this composition rather than the fluorite phase (Ce O2) which is also 
typical for these materials11,12. This composite structure is composed of coarse Ce-rich 
fluorite and fine Zr-rich pyrochlore grains and the structure is not purely cubic. 8 Metallic Ni 
was detected in reduced 1-Ni catalyst pattern at 44 ͦ and 50 ͦ, which indicates that NiO reacts 
with H2 during the reduction process. By decreasing the amount of Ni, the splitting in the 
peak become more evident and ZrO2 emerged obviously in the structure. In the as-prepared 
0.5-Ni and 0.25Ni two peaks of La/CeZrO4 and ZrO2 was observed instead of one peak of La 
Ce ZrO7 in the used and reduced catalyst. Increasing the amount of Ni improves the insertion 
of Ce that is present in the fluorite phase into the structure of the catalyst. Free Ni metal was 
not observed clearly in the reduced catalyst pattern of 0.25Ni at 50 ͦ, as low amount of Ni 
leads to intensity of peak being low. As reduced and used samples were tested after H2S 







Fig 2-1:  XRD patterns for a) LCZ, b) 1-NiLCZ, c) spent 1-NiLCZ and d) reduced used 1-NiLCZ  
La/Ce Zr2O7 ◊, Ce/La ZrO4V, Ce/La O2S θ , NiO*, Ni ×,  
 
 Fig 2-2: XRD patterns for a) as-prepared 0.5-Ni LCZ b) spent 0.5-Ni LCZ and c) reduced used 0.5-Ni 








Fig 2-3:  XRD patterns for a) as-prepared 0.25-Ni LCZ b) spent 0.25-Ni LCZ and c) reduced used 
0.25-Ni LCZ La/Ce ZrO4 V Ce/La O2S θ, ZrO2 Δ, LaNiO4 ©  
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2-5-1-2 - X-ray diffraction (XRD) of LaCeZr1.5Ru0.5 O7 prepared by hydrothermal method 
Fig 2-4 presents the XRD patterns of LaCeZr1.5Ru0.5O7 as-synthesised, after TPO and after 
reduction. Peaks corresponding to the pyrochlore La2Zr2O7 phase were detected in the as-
prepared structure. A small peak belonging to La Ru O was detected at 29 ͦ. As reduced and 
used samples were tested after H2S poisoning, a peak of Ce2O2S was observed at around 
θ=20 ͦ. After TPO of the long-term stability test and reduction of the spent catalyst, the XRD 
pattern does not show a significant difference in peak position. This suggests this catalyst has 





Fig 2-4:  XRD patterns for a) as-prepared 0.5-Ru LCZ b) spent 0.5-Ru LCZ and c) reduced used 0.5-































2-5-1-3 - X-ray diffraction (XRD) of LaCeZrNiO7 prepared by Pechini method 
 
The XRD spectra for the as-synthesised, TPO after long-term stability test and the reduction 
after TPO of LaCeZrNiO7 are shown in fig 2- 5. The typical diffraction peaks of NiO can be 
observed at 36 ͦ, and 41.7 ͦ besides the initial diffraction peaks belonging to the pyrochlore 
phase. The obvious different between the as-prepared and used catalyst was in the large back 
ground peak at around 20 degree that refers to the Ce/La O2S θ as it was tested after H2S 
poisoning. 
The pyrochlore structure was unchanged after the post experiments and the reduction 
conditions (b,c), and was extremely stable. 
 
 
Fig 2-5:  XRD patterns for a) as-prepared LCNZ b) spent LCNZ and c) reduced used LCNZ La2Zr2O7 ◊, 
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2-5-2-1 – Temperature programmed reduction of LaCeZr2-xNixO7 prepared by hydrothermal 
method 
 
The H2-TPR profiles obtained from LCZN with various levels of Ni-doping before and after 
DRM reaction are presented in fig 2- 6 to 8. 
According to the literature, pure NiO phase is reduced at temperatures between 220 and 420 ͦ 
C, 4with the first reduction for all three catalysts nearly similar. As the catalyst was produced 
by the hydrothermal method and no high temperature calcination was applied, therefore some 
Ni in the form of hydroxides remained in the structure of the catalyst and had weaker 
interaction. The second peak at 300 ͦ C can be attributed to the reduction of bulk NiO and the 
third reduction peak corresponds to the reduction of NiO species having interaction with the 
Pyrochlore support which occurs at higher temperature at 390 ͦ C.1 
 Only one wide reduction peak centred around 420 ͦ C can be observed for the used catalyst, 
which indicates the presence of strong interaction between Ni and surrounding lattice species. 
No reduction peak was observed for the un-doped Ni-catalyst due to absence of any reducible 


















 Fig 2-6:  H2-TPR profiles of a) LCZ, b) as-prepared LCNZ and c) used LCNZ   














 Fig 2-8:  H2-TPR profiles of 0.5-Ni a) as-prepared b) used catalyst 
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2-5-2-2 – Temperature programmed reduction of LaCeZr1.5Ru0.5O7 prepared by the 
hydrothermal method 
 
TPR of LCRuZ shows multiple reduction peaks at 100, 238 and 350 ͦ C before DRM reaction. 
Pakhare in his study showed the reduction peaks of LRuZ located at 100, 238, 450 and 551 ͦ 
C. They suggested that the peak at 100 ͦ C was due to a small amount of Ru at the pyrochlore 
surface that is not strongly bond to the pyrochlore structure, and the peak at 238 ͦ C is assigned 
to the reduction of Ru substituted into the pyrochlore structure and those at 450 and 551ͦ  C, 
are attributed to the reduction of the lanthanum zirconate Pyrochlore.5 In the study of 
ruthenium catalyst supported on high-surface-area zirconia , the author showed that a broad 
reduction peak at around 330 ͦ C can been attributed to the strong metal-support interaction of 









Fig 2-9:  H2-TPR profiles of 0.5-RuLCZ a) as-prepared b) used catalyst 
2-5-2-3 – Temperature programmed reduction of LaCeZrNiO7 prepared by Pechini method 
 
Fig 2-10 shows the reduction profile before and after dry reforming at 30 ppm H2S with a 
TPO step i- between for LCZN that was prepared by the Pechini method. Before the 
reforming reaction, the catalyst had a broad-wide peak reduction in the range of 385 ͦ C to 


























third peak (592 ͦ C) disappeared, and a decrease in reduction temperature was observed from 
642 to 520 ͦ C. The decrease in reduction temperature is due to the sintering that results in an 
increase in the size of Ni particles with the monotonic distribution that made the interaction 
between the Ni and pyrochlore weaker.1 
 
Fig 2-10:  H2-TPR profiles of a) as-prepared LCNZ and b) used LCNZ   
2-5-3-1 Scanning electron microscopy analysis of LaCeZr2-xNixO7 prepared by the 
hydrothermal method 
 
To study the morphology and surface changes of the catalyst, the SEM images of LaCeZr2-x 
Nix O7 before and after reaction in the absence and presence of H2S, in the reduced state and 
after recovery have been investigated and are shown in fig 2-11. 
As seen from the as-prepared catalyst at different magnifications (a), the LaCeNiZrO7 (x=1) 
comprise two different shapes, the nano sheets are relatively abundant in Ce, whereas fine 
grains are rich in Zr. Ce rich sheets are the fluorite phase, while the fine Zr rich grains are the 
pyrochlore phase 8. Therefore, the structure of LaCeNiZrO7 would be better reflected as a 
fluorite-pyrochlore composite structure. After 20 hours of dry reforming at 850 ͦ C and doing 
TPO, no significant change occurred except a slight increase in size as displayed in (b). The 






















structure of the catalyst is entirely covered with filamentous coke(c). After making a recovery 
by H2S removal, it can be seen that no filamentous coke is left on the surface, instead granular 
coke can be observed (d). The surfaces of the used reduced catalyst consists of agglomerated 
crystalline powders with an irregular hole which is assigned to the re-oxidation of the reduced 
metallic Ni-active species 9,10(e).   
 
Fig 2-11:  SEM images of as-synthesised (a) ,spent after long term stability without H2S (b), 












 As can be seen from fig 2-12, the morphology of x= 0.25-Ni and x= 0.5-Ni in the as-prepared 
state are very similar to the morphology of the used catalyst of 1-Ni LCZ and this was 





Fig 2-12:  SEM images of as-prepared (a) x= 0.25-Ni and (b) x= 0.5-Ni LCZ 
2-5-3-2 Scanning electron microscopy analysis of LaCeZr1.5Ru0.5O7 prepared by 
hydrothermal method 
 
SEM of RuLCZ demonstrates aggregation of particles consisting of many smaller spherical 
particles. The nanoparticles are well separated, and particle boundaries are clearly visible. 
 No significant difference was observed between the morphological features of the RuLCZ 


















2-5-3-3 Scanning electron microscopy analysis of LaCeZrNiO7 prepared by the Pechini 
method 
 
Fig 2-14 shows SEM of the sample prepared by the Pechini method. As can be seen, the 
catalyst consists of an irregular rigid triangle plate-shaped agglomerates. Relatively fine 
uniform spherical particles that were distributed regularly can also be observed. No 
























2-5-4 Bruner–Emmett–Teller (BET) Analysis:- 
 
BET calculation was applied to determine the surface area of the catalyst.  The results are 
shown in table 2-2. As can be seen, the Ru containing catalyst had the smallest surface area. 
The surface area of the nickel containing catalysts prepared by the hydrothermal method 
increased with an increase in Ni loading. The surface area of the Pechini method nickel 
containing catalyst was close to half the surface area of the hydrothermal method, which had 
the same amount of nickel. 
 
Table 2-2 Surface area of several Pyrochlore catalysts 
Sample   
 









From the XRD results it can be concluded that all of the four catalysts contain a pyrochlore 
phase in their structures. However, the Ni pyrochlore catalysts prepared by the hydrothermal 
method showed spilt peaks that belonged to the mixture of pyrochlore (La/Ce2Zr2O7) and 
La/CeZrO4 oxide phases. All Ni pyrochlore catalysts showed impurity in the form of NiO 
which increased with the amount of Ni loading. The Ru catalyst, unlike the hydrothermal Ni 
catalyst, did not show La/CeZrO4 oxide phase in its profile. 
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TPR analysis showed all four catalysts are reducible and when comparing the as-synthesised 
catalysts, the reduction peak was shifted to higher temperatures in the case of the 
hydrothermal Ni catalysts, whilst in the Pechini method the reduction peak shifted to lower 
temperature indicating some level of sintering. In comparison with as-prepared catalyst, Ru in 
the used Ru Pyrochlore had the widest peak instead of sharp peak that was shifted to the 
lower temperature. 
BET analysis showed that the Ni hydrothermal catalysts have the larger surface area in 
comparison with Pechini method and the Ru catalyst has the biggest particle size with the 
lowest surface area. 
From SEM analysis, it was found that the hydrothermal method produces irregular 
agglomerate particles while the Pechini method generates rigid triangel plate particles with 
regular spherical uniform particles on the surface indicating that Ni is incorporated on the 
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3. Methane Rich Dry Reforming Over Pyrochlore Catalysts 
 
3.1 Introduction 
3.1.1 Thermodynamics of dry reforming reaction: - 
Dry reforming is a more appropriate reforming process for landfill biogas conversion into 
clean fuels due to no requirement for CO2 separation steps.1 
Dry reforming of methane is a highly endothermic reaction, but there are several possible side 
reactions that may occur during the DRM process2 including: - 
 
1) Reverse water gas shift reaction (RWGS), which can occur across the whole temperature 
range 
CO2+ H2↔ H2O+ CO                               ΔH= +41 kJ mol-1…………………………….eq1 
 
2) Carbon forming reactions including: - a) methane decomposition favourable at high 
temperatures (eq2) b) Boudouard reaction favoured at low temperatures (eq3) c) 
hydrogenation of CO and CO2 eq (4, 5) 
 
CH4 ↔ C+ 2H2                                          ΔH= 74.9 kJ mol-1………………………….eq2 
2CO ↔ CO2+ C                                       ΔH= -172.4 kJ mol-1…...……………………eq3 
CO+ H2↔ H2O+ C                                   ΔH= -131.3 kJ mol-1………………………..eq4 
CO2+2H2↔ 2H2O+ C                               ΔH= -90 kJ mol-1…………….…………….eq5 
 
3) Oxidative coupling of methane that occurs at high temperatures (eq 6, 7) 
2 CH4+ CO2↔ C2H6+ CO+ H2O              ΔH=106 kJ mol-1…………………….………eq6 
2CH4+ 2CO2 ↔ C2H4+ 2CO+ 2H2O         ΔH=284 kJ mol-1……………………………eq7 
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To limit side reactions, DRM has to be performed at high temperatures. However, from the 
economic and technical prospects, it would be more beneficial to perform this process at low 
temperatures (<700 ͦ C). Therefore, a stable, active and selective catalyst is required which can 
promote the DRM reaction at low temperatures and at the same time inhibit carbon 
formation.3 
Most active catalysts belong to group VШ and can be divided in to a) earth abundant 
transition metals and b) noble metals. 
The low reaction rate for CH4 decomposition4, the low ability of carbon to dissolve into the 
Ru crystalline lattice5, high resistance in high-temperature applications and its significant 
reaction energy reduction6 makes Ru a promising catalytically metal for DRM reaction. 
However, its high cost still challenges the industrial sector.  
Ni metal catalysts due to their high activity and market price are frequently used for dry 
reforming. However, Ni catalysts are highly sensitive to carbon deposition. Recently, the 
addition of Ce as promoters has been shown to be one way to enhance carbon resistance 
properties of Ni-based catalysts.3 
 
3.1.2 The effect of ceria on reforming and carbon deposition: - 
 
Cerium with electronic conFigure3-uration of [Xe] 4f25d06s2 has common oxidation states of 
Ce+3(Ce2O3) and Ce+4(CeO2).7 The oxidation state of cerium is dependent on the pressure of 
O2 and temperature that it is exposed to.8 
Ceria can act as a powerful redox agent which is usually referred to as the oxygen storage 
capacity (OSC) 9 
The Conversion between the reduced and stoichiometric state of cerium can be described as 
follow 7 




Oxygen can be stored in the CeO2 form under high pressure of O2 and, any stored oxygen is 
released into the gas phase at low pressures of O2. This form of redox behaviour increases the 
mobility of oxygen on the catalytic surface, resulting in increasing the rate of carbon 
oxidation. 
Ceria also promotes the reverse Boudouard reaction in carbon dioxide reforming by 
increasing the reaction between CO2 and carbon10 as shown in equations 9 and 10. 
 
Ce2O3+ CO2 ↔ 2CeO2+ CO …………………………….. eq9 
2CeO2+ C ↔ Ce2O3+ CO ………………………………..eq10 
 
Other beneficial effects of ceria are increasing the catalytic surface area by increasing 
dispersion of Ni, minimising sintering effect and improving the selectivity of reactant 
conversion.10,11 
3.2 Carbon Dioxide Reforming of Methane for Ni-LCZ Prepared by the 
Hydrothermal Method 
 
The aim of this section is to compare the dry reforming performance of a LCZ pyrochlore 
catalyst that has been prepared by the hydrothermal methods with different amounts of Ni 
doping. Initial tests were achieved using a 2:1 mixture of methane and carbon dioxide. The 
samples were prereduced in the same manner using a temperature programme of 10 ͦ C min-1 
up to 900 ͦ C under 10% hydrogen. Temperature programmed reactions were carried out over 
(0.125Ni-LCZ, 0.25Ni-LCZ, 0.5Ni-LCZ and 1Ni-LCZ). The reactions were followed by 
QMS and converted to mole equivalent of methane. At the end of each reaction, temperature 
programmed oxidation was performed to determine the kind and the amount of deposited 
carbon. After this step, each sample was tested isothermally at varying temperatures from 
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650 ͦ C to 850 ͦ C and the deposited carbon analysed using post reaction TPO. The relationship 
between time on stream and carbon deposited was investigated for all Ni doped catalysts 
under 2:1 mixture of methane and carbon dioxide.  
 
3.2.1 Temperature Programmed Surface Reaction during CH4:CO2=2:1 (TPSR) 
 
TPSR for 0.125Ni-LCZ, 0.25Ni-LCZ, 0.5Ni-LCZ and 1Ni-LCZ under methane rich 
conditions are shown in Figure3- 1, 2, 3 and 4 respectively. 
TPSR of 0.125Ni-LCZ (Figure3-1) shows that no reaction is observed until ˷760 ͦ C. At this 
point CO formation begins while CO2 and CH4 are consumed. It can be seen that some water 
is beginning to form as a result of the reverse water gas shift reaction. However, syngas 
formation is negligible even at the end of the reaction. 
Figure3- 1- reaction profile for a 2:1 CH4/CO2 mixture passed over 0.125Ni-LCZ 























































As can be seen from Figure3- 2, by doubling the amount of Ni to 0.25, syngas production 
happened sooner and at 534 ͦ C. From this point, syngas production increased linearly and the 
ratio of H2:CO became almost 1:1 until 630 °C. After this temperature the ratio began to 
exceed 1:1 with an increase in the amount of methane decomposition because of the 
Boudouard reaction. At this temperature the carbon monoxide is recombined to form carbon 
dioxide and in consequence reformed with methane resulting in greater methane conversion 
and hydrogen formation. When the temperature increased, the Boudouard reaction became 
less thermodynamically favourable resulting in a falling off the H2: CO ratio and this 
stabilised at 1:1 by 850 ͦ C.25  
The presence of ceria in the structure also could be the reason for increasing the amount of 
methane conversion12-16. Ceria increases the activity through increasing metal dispersion and 
therefore increasing surface area19-22. In addition, ceria has been shown to be active for 
methane reforming and also aids CO and H2 formation through CO2 and H2O 
dissociation13,17,18 as illustrated in the following reactions:       
2CeO2 + CH4 ↔ Ce2O3 + CO + 2H2            …………………………………eq11 
Ce2O3 + CO2 ↔ 2CeO2 + CO                     ……………...………………….eq12 
Ce2O3 + H2O ↔ 2CeO2 + H2                      ..………………………………..eq13 
By increasing the amount of nickel to 0.5, the reaction started later than for 0.25-Ni by 75 ͦ C. 
(Figure3-3). A low level of water production can be seen due to the occurrence of the reverse 
water gas shift reaction. At 730 ͦC the CO2 is converted completely, and the composition of 
the synthesis gas formed changes and becomes more hydrogen rich.  
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Figure3- 3- reaction profile for a 2:1 CH4/CO2 mixture passed over 0.5Ni-LCZ 
Figure3- 4 shows the biogas reforming reaction profile for 1Ni-LCZ. As can be observed, the 
temperature that reforming began, is similar to 0.5Ni-LCZ and interestingly the shape of the 
profile is similar to 0.25 Ni-LCZ except for the sharp drop in the amount of CO2 and CH4. 
The Boudouard reaction has an effective impact on 1Ni-LCZ at the low temperatures and 
becomes less favourable at higher temperatures resulting in a falling ratio of H2: CO to reach 
the stoichiometric DRM level. However, the presence of ceria also had an essential role in the 
methane and carbon dioxide conversion, as was explained previously.  































































Figure3- 5- percentage methane conversion for a 2:1 CH4/CO2 mixture passed over various 
nickel doped LaCeZr 2-x Ni x O7(x=0.125,0.25,0.5,1) 
 
The percentage methane conversion of various Ni doped pyrochlore catalysts during 
temperature programmed reactions are shown in Figure 3- 5. Because of the lack of active site 
availability, the methane conversion rate of the 0.125Ni-LCZ catalyst is negligible even at 
high temperature. 
The starting temperature is lower for 0.25Ni-LCZ and this can be attributed to CeO2 acting to 
encourage methane decomposition through distribution of oxygen across the catalyst surface. 
The reason for this is that the effective amount of CeO2 in 0.25NI-LCZ is higher than for the 
other catalysts, due to the lower amount of Ni in the structure of the catalyst. As the size and 
dispersion of Ni crystallites affect the activity of the DRM catalyst, therefore, the amount of 
carbon deposited should increase with higher loading of Ni if large crystallites of the active 
phase are formed28. Literature data show that large Ni particle size limited removal of carbon 































At high temperature (870 ° C), the catalyst activity decreased by reducing the amount of 
nickel in the structure. The reason could be due to the greater H2:CO2 and CO:CO2 ratios 
resulting in the reduction of the CeO2 to Ce2O3. Low CO2 concentration decreases the ability 
of Ce2O3 oxidation to CeO2 and therefore Ce2O3 does not encourage methane reforming13,23. 
With increasing nickel doping, the level of Boudouard reaction increased in the middle step of 
the reaction.  
3.2.2 Isothermal Dry Reforming of Methane  
In this section, the isothermal reforming of the three Ni-doped LCZ Pyrochlore catalysts 
during methane-rich dry reforming was investigated at various temperatures ranging from 
650 ͦ C -850 ͦC.  At the end of each reaction, the amount of carbon deposited on the catalyst 
was quantified. As was discussed before, the three catalysts of La Ce Ni x Zr 1-x O7 with 
x=0.25, 0.5, and 1Ni, were stable and did not show loss of reforming activity in the form of 
total oxidation product. 
3.2.2.1.1 Isothermal dry reforming of rich- methane over 0.25 Ni -LCZ 
For about 3 hours of reaction, high levels of methane decomposition were observed at the 
temperature of 650 ͦ C as shown in Figure3- 6 (a). The decomposition was then suppressed 
and reached the theoretical value of 50% conversion as adsorbed species occupy active sites 
and as a consequence the amount of H2 and water formation decreased. Some small levels of 
cycling due to the redox properties of ceria can be seen after 15 hours of reaction. The 
presence of some H2O for the rest of the reaction can be attributed to the following reaction24: 
-       
  CeO2 + CH4 ↔ Ce2O3 + CO2 + H2O  ………………..eq14 
The percentage of CO2 conversion was lower than expected by approximately 10% by the end 
of the reaction time. The probability of Boudouard reaction is too high at this temperature, 
leading to increase in the amount of CO2 in the reaction. After two hours of reaction, the 
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amount of hydrogen compared to CO, reduced due to the reverse water gas shift reaction. By 
increasing the temperature to 700 ͦ C, some excess consumption of methane was seen in the 
initial period of reaction but decreased instantly to the theoretical value. Low cycling 
behaviour started earlier than 650 ͦ C and the amount of CO did not correlate with the CO2 
conversion and was lower than expected by 10%. It can be suggested that at this temperature 
the possibility of the Boudouard reaction occurring is very high.  The reverse water gas shift 
reaction could be the reason for the amount of CO being higher than H2 at all periods of the 
reaction. The CO2 conversion was 10% higher at a temperature of 750 ͦ C and this greater 
conversion of CO2 compared with CH4 is may be due to the lower activation energy of CO2 or 
because of the following reaction: -   
Ce2O3 + CO2 ↔ 2CeO2 + CO…………………………..eq12 
At 800 ͦ C, although CO2 and CH4 conversion almost reached its stoichiometric ratio of 
reforming, both the hydrogen and carbon monoxide yields were lower than expected by 10%. 
Finally, at 850 ͦ C a steady production of synthesis gas with a ratio of H2:CO=1 was seen and 




Figure3- 6- isothermal dry reforming of methane at various temperature over 0.25Ni-LCZ 
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3.2.2.1.2 Carbon deposition: - 
Temperature programmed oxidation (TPO) was performed to find the nature and the amount 
of carbon species on the catalysts. Deactivation by coking due to coverage of the active sites 
during DRM is the most probable reason for catalyst deactivation. In dry reforming, carbon 
deposits on the surface occur because of CH4 disproportionation and the Boudouard 
reaction28. 
Figure3- 7-post reaction TPO profiles of isothermal methane rich dry reforming over 0.25 Ni-
LCZ at various temperature 
As shown in Figure3- 7, the amount of carbon deposition decreased by increasing the 
temperature. The highest amount of carbon was deposited at 650 ͦ C because of both the 
Boudouard reaction and methane decomposition which is shown by two distinct peaks on the 
TPO profile. By increasing the temperature to 700 ͦ C, the secondary carbon peak disappeared 
whilst the primary peak remained. At 800 ͦ C, the amount of carbon deposition was at the 
lowest level. This suppression in the amount of carbon can be attributed to the methane 
coupling resulted in the formation of ethane, ethane or ethyne. In this case the amount of 
carbon deposition decreased due to low probability of conversion of methane by the pyrolysis 
reaction25.  
It can be concluded, that the secondary peak at 650 ͦ C can be assigned to carbon formed 
during the Boudouard reaction and the initial peak which decreased by increasing the 
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3.2.2.2.1 Isothermal dry reforming of rich- methane over 0.5 Ni -LCZ 
As can be seen from Figure3- 8, some excess consumption of methane was seen at the 
beginning of the reaction at 650 ͦ C and 700 ͦ C. After the initial spike in methane conversion, 
the conversion falls from 80% to 43% for 2 hours. The reason for this suppression of methane 
conversion could be due to the surface becoming dirty as adsorbed species occupy active 
sites. The ratio of H2:CO falls below 1:1 due to the presence of unreformed CO2 and the 
consumption some H2 via the reverse water gas shift reaction. The production of water in the 
reaction profile can also be attributed to this reaction. At 750  ͦC, the dry reforming profile is 
like the profile of 0.25Ni-LCZ at 800 ͦ C. Nearly complete methane and CO2 conversion was 
seen combined by a decrease in the amount of CO and H2 production. Increasing the 
temperature to 800 ͦ C decreased the CH4 and CO2 conversion with an increasing level of H2O 
formation. At 850 ͦ C and 900 ͦ C, the reaction reached the theoretical value in the form of 
cycling. No evidence of water from the reverse water gas shift reaction can be seen at 900 ͦ C, 
although some gradual increase in water formation in the form of cycling can be observed 
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Figure3- 8- isothermal dry reforming of methane at various temperature over 0.25Ni-LCZ 
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3.2.2.2.2 Carbon deposition: - 
 
As two different mass spectrometers were used for this series of dry reforming reactions, each 
with a different CO2 signal intensity, two charts for the TPO were obtained. 
As can be seen from Figure 3- 9, by increasing the temperature,  the amount of carbon 
deposition significantly decreased especially from 650 ͦ C to 750 ͦ C. Unlike at other reforming 
temperatures that show a gradual increase in the water formation, at 750 ͦ C and  900 ͦ C, the 
amount of water formation did not show an increasing trend over time and therefore, at these 
two temperatures, the  TPO peaks are located in the same temperature range suggesting that 
the same kind of carbon was deposited on the surface of the catalysts. The TPO peak at the 
higher temperature within the TPO profile has another kind of deposited carbon. 
 Figure 3- 9-post reaction TPO profiles of isothermal methane rich dry reforming over 0.5 Ni-
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3.2.2.3.1 Isothermal dry reforming of rich- methane over 1 Ni -LCZ 
 
 Some cycling of the methane conversion at varying temperature was seen for 1- NiLCZ. This 
was correlated with an increased activity at the lower temperature resulting in higher methane 
conversion. During the initial period of reaction, as the temperature increased the methane 
conversion was more than what could be achieved by a pure DRM reaction. The presence of 
ceria in the structure encourages the dry reforming of methane through the dissociation of 
CO2 and distribution of oxygen to encourage methane partial oxidation. Lower H2 and CO 
yields were seen at a temperature of 650 ͦ C, potentially due to CO reduction (CO-R): CO + 
H2 ↔ C + H2O in addition to the Boudouard reaction, which can be seen through the lesser 
CO2 conversion and greater water formation. As the temperature increased, methane 
conversion showed no increase over time and at 700 ͦ C, similar behaviour for the CO2 
conversion was observed at 750 ͦ C, 800 ͦ C and 850 ͦ C. However, differences were visible 
after 5 hours of reaction with the trend showing a reduction in the amount of CO2 conversion 
and consequently a decrease in H2 and CO production. The decrease in the CO2 level was 
comparable with the level which was seen at 650 ͦ C. Interestingly at 700 ͦ C even the CO2 and 
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Figure 3- 10 isothermal dry reforming of methane at various temperature over 1Ni-LCZ with 
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Figure 3- 11-post reaction TPO profiles of isothermal methane rich dry reforming over 1 Ni-
LCZ at various temperature 
At 650 ͦ C, because of the Boudouard reaction, the TPO peak was slightly shifted to higher 
temperature. As was seen previously in the DRM profile, the H2 and CO yields were lower 
than expected in comparison with CH4 and CO2 conversion, therefore, the deposited carbon is 
a result of both the Boudouard and CO reduction reactions. It was clearly seen that at the 
temperature of 650 ͦ C the amount of carbon deposition was lower than 700 ͦ C and the TPO 
peak was shifted to the lower temperature. In addition, the TPO profile of 700 ͦ C shows 
another carbon peak at 460 ͦ C .The greater amount of carbon deposition at this temperature 
could be attributed to the total oxidation reaction.  The presence of CeO2 directly encouraged 
the total oxidation of methane reaction which was accompanied by an increase in water 
formation (CH4+2O2↔2H2O+CO2). At 750 ͦ C and above, the amount of carbon deposition 
was significantly decreased and only one peak on the TPO profile was observed suggesting 
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 3.2.3 Summary comparison of CH4, CO2 conversion and product selectivity for LCZ 
catalysts with different nickel contents during methane-rich dry reforming 
 
3.2.3.1 -Methane and carbon dioxide conversion: - 
Figure 3-12-Average methane conversion for various Ni doped LaCeZr2-x NixO7 at different 
temperatures for 2:1 CH4:CO2 dry reforming reaction 
Figure 3-13-Average carbon dioxide conversion for various Ni doped LaCeZr2-x NixO7 at 
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As can be seen from Figure3- 12, there was no increasing or decreasing trend in the methane 
conversion by increasing the amount of Ni. At low-temperature, 0.25-NiLCZ displayed 
conversion of methane in excess of what could be achieved by a 2:1 CH4: CO2 reforming 
reaction. This can be attributed to the presence of a high concentration of CeO2 in the catalyst. 
Ceria has been shown to be active for methane reforming (CeO2+CH4↔Ce2O3+CO+H2O). As 
the temperature is increased (700 ͦ C) all Ni-doped LCZ catalysts show nearly the same 
amount of conversion. At 750 ͦ C, since the reduced form of ceria (Ce2O3) becomes more 
favourable, the level of methane conversion decreased as compared with other higher Ni 
concentrations. There was an increasing trend in methane conversion above 800 ͦ C, and at 
850 ͦ C, with all three catalysts displayed a stoichiometric conversion of methane resulting in 
50% conversion. 
Increasing the nickel doping has very little overall effect on the reforming process especially 
at 700 ͦ C and 850  ͦ C and the presence of ceria in various forms in the structure has an 
essential role in methane conversion. 1NiLCZ showed a flatter methane conversion profile 
compared to other catalysts.  
In general, CO2 conversion was associated with methane conversion. Although 0.25NiLCZ 
exceeded the equivalent amount of methane conversion at 650 ° C, the CO2 conversion was 
the same as for the other catalysts. This similarity confirms the effect of ceria in a free form in 
the structure of the catalyst. It is worth mentioning that because of the increased 
thermodynamically potential for DRM at increased temperatures of reaction, the influence of 
ceria becomes less essential. 
3.2.3.2 Product selectivity 
 
As ceria played an important role during methane conversion by forming various forms in the 
presence different amount of Ni, therefore, analysis of product selectivity will be an important 
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and useful tool for the distinguishing the difference in performance of the catalyst. Figure 3- 
14 shows hydrogen yield with varying temperature. At 650 ͦ C, as the amount of Ni increased, 
the H2 yield decreased from 103 % to 73%. This is due to the presence of side reaction which 
gives special distinguishing properties during the reforming process. By increasing the 
temperature to 700 ͦ C, 1-NiLCZ, showed an instant increase reaching almost 100% yield 
while 0.25-NiLCZ displayed a sharp decrease to 80% at this reforming temperature. By 
increasing the temperature, the H2 yield exceeds 100% due to the greater amount of active Ni 
site available in the structure of 1-NiLCZ .At 850 ͦ C all three catalysts reached almost 100% 
hydrogen yield. 
It can be confirmed from this observation that at 850 ͦ C, the reaction kinetics becomes the 
limiting factor rather than the amount of available nickel in the catalyst. 
Figure 3-15-Average hydrogen yield for various Ni doped LaCeZr2-x NixO7 at different 
temperatures for 2:1 CH4:CO2 dry reforming reaction 
 In the 2:1 CH4: CO2 dry reforming reaction, the yield of CO has to correlate with the partial 
pressure of CO2. As the CO2 is almost fully consumed, the carbon monoxide yield displayed a 
flattened profile as was clear in 1-NiLCZ in Figure3- 16.  The CO yield, at the higher 
temperature in both 0.25 and 0.5-NiLCZ catalysts did not correlate with the CO2 conversion. 





































because of some side reaction e.g. CO reduction (CO-R): CO + H2 ↔ C + H2O in addition to 
the Boudouard reaction. At 850 ͦ C as DRM became more thermodynamically favourable the 
yield of CO from the 0.25 and 0.5 NiLCZ became higher, giving almost 100% yields. 
Figure 3-16-Average carbon monoxide yield for various Ni doped LaCeZr2-x NixO7 at 
different temperatures for 2:1 CH4:CO2 dry reforming reaction 
As can be seen from Figure3- 17, 1-NiLCZ displayed a negative correlation between the 
temperature of reaction and the formation of water because of a decrease in the reverse water 
gas shift reaction. All three catalysts showed similar H2O production at a temperature of 650 ͦ 
C which could be attributed to H2 oxidation by CeO2 .As the temperature increased, 0.25 
NiLCZ showed a spike in water formation at 750 and 800 ͦ C while 0.5 NiLCZ showed only 
one sharp increasing peak at 800 ͦ C. This could be because of side reactions as total 
oxidation. 
Figure 3-17-Average water yield for various Ni doped LaCeZr2-x NixO7 at different 



















3.2.3.3 Carbon deposition 
 
The comparison of the mass of carbon deposited during 2:1 methane to carbon dioxide 
reforming over each catalyst is shown in Figure3- 18. 
As CO hydrogenation and the Boudouard reaction are thermodynamically favourable at lower 
temperatures, all three catalysts show a decrease in carbon deposition with temperature. 
At low temperatures, a significant difference in the amount of deposited carbon was seen by 
increasing the amount of Ni. 0.25-NiLCZ had the lowest amount of deposited carbon and the 
reason for this is attributed to more nickel sites present for reaction with more carbon formed 
as a result of the Boudouard reaction. In addition, the presence of CeO2 increases the ability 
of the catalyst to oxidise carbon at the lower temperature.  At higher temperatures >700°C, 
the deposited carbon was suppressed significantly, and the amount of nickel had no 
significant impact on carbon deposition. The presence of ceria increases the potential for 
carbon oxidation through increased oxygen availability. 
 
Figure3-18-carbon deposition from reactions at various Ni doped LaCeZr2-x NixO7 with 
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3.2.4.1 Long term stability of 0.25-NiLCZ and 1-NiLCZ for methane rich DRM at 750  ͦC 
 
Figures 3-19 and 20 show the profiles of isothermal dry reforming over 0.25 and 1-NiLCZ 
including moles of product per mole of converted methane estimated.                                                   
As can be seen the amount of CH4 and CO2 conversion was close to the stoichiometric ratio in 
both catalysts. After consumption of mobile oxygen of cerium –zirconium oxide, the level of 
methane conversion decreases slightly below the stationary state26. During the DRM, the 
amount of H2 was lower than CO because of the reverse water gas shift reaction.                           
The main difference between 0.25- NiLCZ and 1-NiLCZ was in the amount of syngas 
emission where it was higher by nearly 20% in 1-Ni-LCZ. The decrease in the amount of CO 
and H2 in comparison with 1-NiLCZ could be because of some side reactions, such as CO 
reduction (CO-R): CO + H2 ↔ C + H2O. In addition, ceria can chemisorb large amount of H2 
and CO. Both catalysts showed stability in performance without any deactivation within 3 





Figure3- 19-Isothermal dry reforming reaction for 2:1 CH4:CO2 over 0.25Ni-LCZ for 3 days at 750 ͦ C 
 

























3.2.4.2 Carbon deposition: - 
The amount of carbon deposited for 2:1 CH4:CO2 over 0.25 and 1-NiLCZ for one and three 
days was compared and is shown in Figures 3- 21 and 22.The amount of carbon deposition 
over 0.25-NiLCZ after 20h and 72h was 2 and 2.1 mg/20mgcat  respectively, while it was 2.5 
and 3mg/20mgcat over 1-NiLCZ.  
One visible difference between the two catalysts is the carbon peak shifts to higher 
temperature in 1-Ni-LCZ indicating the presence of traces of carbonaceous species which are 
oxidised between 500 and 700 °C, while one major TPO peak at 500 °C corresponds to a soft 
type of carbon since it can be oxidised under relatively mild conditions. The presence of soft 
carbon supports the hypothesis leading to small Ni domains available at the catalyst surface 
during reaction. Therefore, the Ni particles of 0.25-NiLCZ remain small and well dispersed 
on the surface. The agglomeration of Ni clusters would lead to more graphitic carbon. 
The amount of carbon deposition does not really increase with time for both catalysts and 
increasing the quantity of Ni at this temperature also showed no real effect on the quantity of 
deposited carbon. It can be concluded that the presence of ceria releasing oxygen under 
oxygen-poor environments and quick reoxidation under oxygen-rich environment plays a key 






































































3.3 Carbon Dioxide Reforming of Methane for Ni-LCZ Prepared by Pechini 
Method 
 
As the preparation method has an impact on catalyst performance in the case of activity, 
stability and selectivity, in this part of the thesis, the effect of Pechini preparation method has 
been investigated on dry reforming under the conditions of 2:1 CH4: CO2 at various 
temperatures. 
3.3.1 Temperature programmed biogas reformation. 
 
As can be seen from Figure3- 23, the reaction started at around 488 ͦ C with a gradual 
decrease in methane and carbon dioxide correlating with the production of H2 and CO.   A 
low level of H2O production because of the reaction of hydrogen with the unreacted carbon 
dioxide (reverse water gas shift reaction) was noticeable until 800 ͦ C. After the temperature of 
800 ͦ C, the reactant and products reached its thermodynamic equilibrium value and did not 
change significantly. As the hydrogen and carbon monoxide are at a maximum, it can be 
suggested that the DRM should be performed at around this temperature. 




3.3.2.1 Isothermal Dry Reforming Of Methane  
 
The catalytic activity of the Pechini prepared catalyst Ni-LCZ in the temperature range of 
650 ͦ C-850 ͦ C with a CH4/CO2 =2:1 has been investigated and is shown in Figure 3- 24. 
As can be seen from Figure 3- 24, the conversion of CO2 and CH4 were almost similar to the 
same value as the equilibrium limit at temperatures higher than 750 ͦ C. In the case of H2 and 
CO production, there were some side reactions which made the amount of H2 and CO lower 
than expected at temperatures lower than 850 ͦ C.  
Generally, because of the reverse water gas shift reaction, the amount of H2 was lower than 
CO and the presence of cerium in the structure of the catalyst may play an essential role in 
increasing the amount of CO in the synthesis gas by reaction with any deposited carbon 
(2CeO2+C↔Ce2O3+CO). The lowest level of CO can be seen at a temperature of 700 ͦ C due 
to the Boudouard reaction. The level of CO2 conversion was lower than CH4 conversion 
because of the water gas shift reaction at the temperature of 650 ͦ C and 700 ͦ C.  
The presence of two distinct regions of H2O production at temperatures lower than 850 ͦ C 
may suggest another source of water occurring during the dry reforming reaction. As the 
amount of H2 and CO reduced in the same trend, the reaction of H2+ CO↔H2O+ C could be 
responsible for this source of water, which appears as a second level of water in Figure 3- 
24(e). 
At the temperature of 850 ͦ C, the amount of hydrogen increased by 5% which was acceptable 
because of methane decomposition, but surprising there was not an excess of methane 
conversion. Higher consumption of water because of the following reaction 




 Figure 3- 24- isothermal dry reforming of methane at various temperature over 1Ni-LCZ with 
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3.3.2.2 Carbon deposition:- 
 
As carbon formation can easily block the active centres of the catalyst besides destroying the 
reactor as a result of blocking the reactor tube, it is desirable to predict under which 
conditions the carbon formation is not thermodynamically favourable. 
As can be seen from Figure3- 25; the highest amount of carbon was formed at 700 ͦ C as a 
result of the Boudouard reaction. At temperatures of 800 ͦ C and 850 ͦ C, the TPO peak has 
shifted to lower temperatures and can be attributed to polymeric carbon species. At a 
temperature of 650 ͦ C and 700 ͦ C, another carbon species is observed at a higher temperature. 
As was explained previously, the source of this carbon could be due to the reaction of 
H2+CO↔H2O+C which is thermodynamically favourable at a lower temperature. As this 
carbon peak is located at high temperature within the TPO, it can be considered the less 
reactive carbon species exist on the catalyst as the form of dehydrogenated carbon27. 
Figure 3- 25-post reaction TPO profiles of isothermal methane rich dry reforming over 1Ni-
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3.3.3 Long term stability of Pechini prepared catalyst 1-NiLCZ for methane rich DRM 
at 750  ͦC 
 
To investigate the impact of preparation method on catalyst stability for an extended period, 
the experiment was performed for three days under the conditions of CH4:CO2=2:1 at 750 ͦ C. 
After 12 h of gradual decrease in activity, the catalyst showed constant stability for the 
remainder of the reaction. However, the decline in activity at the beginning was not sharp, and 
it was only about 7% in the case of the H2 yield. As the decrease in activity was stopped after 
12 h of the reaction, it is unlikely that the deactivation is due to carbon formation. As can be 
seen from TPO profile, the increase in carbon formation is too low. 
It is suggested that the presence of cerium in the catalyst structure suppresses the deposition 
of carbon. 
Figure 3- 26-Isothermal dry reforming reaction for 2:1 CH4:CO2 over 1Ni-LCZ for 72 h at 750 ͦ C 





























3.4 Carbon Dioxide Reforming of Methane for Ru-LCZ Prepared By 
Hydrothermal Method 
 
Noble metals have shown high activity towards DRM besides their resistance to carbon 
formation. In this section, the effect of Ru catalyst has been investigated on dry reforming 
during the condition of 2:1 CH4: CO2 at various temperatures. 
3.4.1 Temperature programmed biogas reformation. 
As can be seen from Figure 3- 28, the light off temperature of Ru-LCZ is 460 ͦ C. At this 
temperature, the CO formation begins while CO2 is consumed. At a temperature of around 
500  ͦC, the H2 starts to appear and a low level of H2O is produced as a result of the reverse 
water gas shift reaction making the ratio of H2/CO lower than one. At a temperature of 725 ͦ 
C, the reaction reaches its equilibrium limit and the concentration of H2 slightly increases 
above this temperature and correlates with methane decomposition. 
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3.4.2.1 Isothermal Dry Reforming of Methane  
 
Reactant conversion and product selectivity are shown in Figure 3- 29. High CH4 and CO2 
conversion are observed at temperatures above 750 ͦ C. At 850 ͦ C, the methane conversion 
was higher than the equilibrium conversion due to methane decomposition which results in 
the higher amount of H2 (6%). However, this amount of H2 decreased and remained constant 
at 95% after 10h of reaction. At temperatures lower than 750 ͦ C, because of the reverse water 
gas shift reaction, the CO2 conversion and H2 yield decreased by 7% and the presence of 
water at these two temperatures confirm this reaction. 
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Figure 3- 29- isothermal dry reforming of methane at various temperature over 0.5Ru-LCZ 
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3.4.2.2 Carbon deposition: - 
 
To determine the quantity and nature of the carbon species on the catalyst surface, TPO was 
performed after the DRM reactions. 
As can be seen from Figure 3- 30, the highest level of accumulated carbon was at a 
temperature of 850 ͦ C due to methane decomposition. Carbon species form atom by the 
Boudouard reaction is unlikely because of the absence of a CO2 peak at a temperature higher 
than 600 ͦ C. The 350 ͦ C peak can be attributed to highly reactive coke. 
Figure 3- 30-post reaction TPO profiles of isothermal methane rich dry reforming over 0.5Ru-
















































3.5 Summarising the effect of preparation method and doped metal on dry 
reforming (2:1 CH4:CO2) 
 
3.5.1 Methane and carbon dioxide conversion: - 
 
CH4 and CO2 conversion after 20h reforming reaction on 0.5 Ru-LCZ, Ni-LCZ (HY) and Ni-
LCZ (Pechini) catalysts at different temperature are shown in Figure 3- 31a and 31b. As can 
be seen, both Ni catalysts showed slightly higher CH4 conversions than the Ru catalyst at the 
lower temperature. At temperatures above 800 ͦ C, all three catalysts showed similar CH4 
conversions. As the CO2 conversion for both Ni catalysts decreased at the lower temperature, 
it suggests the Boudouard reaction is occurring more on the Ni catalysts than the Ru catalyst. 
As the amount of CO2 increased due to the Boudouard reaction, the probability of methane 
conversion increased at the lower temperature.  
Figure3-31-average a) methane and b) carbon dioxide conversion for various catalysts at 





















































3.5.2 Product selectivity 
 
As can be seen from Figure 3- 32a and 32b, the selectivity of H2 and CO in both Ni catalysts 
is lower than for the Ru catalyst at 650 ͦ C. For the hydrothermally synthesised catalyst, in 
addition to the Boudouard reaction, some CO reduction is occurring causing an increase in 
water production beside water gas shift reaction. As the amount of CO was higher than H2, 
the water gas shift reaction is more likely besides CO reduction reaction for the Pechini 
synthesised catalyst. Almost no water gas shift reaction can be seen for the Ru catalyst at 650 ͦ 
C, whilst the Ni catalyst prepared by the hydrothermal method has a higher H2 and CO 
selectivity at temperatures of 700 ͦ C and above. The Ni catalyst prepared by the Pechini 
method showed the lowest syngas selectivity at moderate temperatures, whilst the Ru catalyst 
showed a 3% reduction in selectivity at 850 ͦ C in contrast with other Ni catalysts that showed 
an increase in selectivity.  
Figure 3-33-Average a) H2, b) CO and c) H2O selectivity for various catalysts at different 

































3.5.3 Carbon deposition 
 
As can see from Figure 3- 34, Ni-LCZ (HY) has the highest amount of carbon deposition 
because of the Boudouard reaction and hydrogenation of CO at the lower temperatures. The 
amount of carbon deposition was not significantly different at various temperatures on the Ni 
catalyst prepared by the Pechini method. At 850 ͦ C, the Ru catalyst showed a low level of 
carbon deposition due to methane decomposition which affects catalyst activity, but even the 
highest levels of deposited carbon did not affect the Ni catalysts activity. It can be concluded 
that the amount of Ni that is not incorporated within the pyrochlore structure in the 
hydrothermal method was the reason for supporting the Boudouard reaction and high activity 
of the catalyst at the middle temperatures. The presence of cerium and the form and structure 
of the catalyst play an essential role in catalyst activity. The Ru catalyst support methane 
decomposition and Ni catalyst supports the Boudouard and CO reduction reaction. 
By decreasing the ratio of Ni on LCZ catalyst (HY), the amount of carbon deposition has 
decreased, and it can be said that the hydrothermal preparation method did not have an 
adverse effect at the lower temperature. However, the Ni quantity needs to be carefully 
controlled for the best results.   
Figure 3-34-carbon deposition for various catalysts at different temperatures during 2:1 
CH4:CO2 dry reforming reaction 
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3.6 Conclusion: - 
 
The temperature programmed reaction for the methane-rich dry reforming conditions showed 
that the 0.25Ni-LCZ has a lower starting temperature in comparison with the 0.5 and 1Ni ratio 
by about 100 ℃. This was similar to both Ni-Pechini and Ru doped pyrochlore catalysts. In 
terms of the isothermal study at the temperature between 650 and 900 ℃,the 0.25-Ni catalyst 
showed high activity at 650 ℃ and conversion of methane was in excess of what could be 
achieved by a 2:1 methane to carbon dioxide ratio. Higher methane conversion in the low Ni 
catalyst was likely due to the reaction of ceria with methane suggested that Ceria showed the 
specific effect on lower Ni loading condition at the low temperature.  
Generally, Ni-hydrothermal catalysts showed cycling behaviour in its dry reforming profiles. 
However, this behaviour decreased at the low reforming temperatures <800℃, and at the high 
ratio of Ni-doped (1Ni-LCZ). The amount of hydrogen increased with increasing the 
temperature and the amount of Ni in the catalyst due to the thermodynamic favourability and 
higher number of activating sites for CH4 conversion. CO reduction as a side reaction plays a 
significant role in decreasing the amount of H2 at the low temperatures in both the 0.25 and 
0.5 Ni-LCZ catalysts. At 850 ͦ C, as DRM became more thermodynamically favourable, the 
yields became higher, giving almost 100% yields for all the Ni-hydrothermal catalysts. 
All three catalysts showed a decrease in carbon deposition trend with temperature, as CO 
hydrogenation and the Boudouard reaction are thermodynamically more favourable at the 
lower temperatures. 
At the low temperatures, a significant difference in the amount of deposited carbon was seen 
by increasing the amount of Ni in the pyrochlore structure. The 0.25-NiLCZ pyrochlore had 
the lowest amount of deposited carbon due to fewer nickel sites present for reaction with 
carbon, that formed because of Boudouard reaction. In addition, the presence of higher 
effective CeO2 increases the ability of the catalyst to oxidise carbon at the lower temperatures.  
98 
 
At higher temperatures >700 °C, the deposited carbon was suppressed significantly, and the 
amount of nickel had no significant impact on carbon deposition. The presence of ceria 
increases the potential for carbon oxidation through increased oxygen availability. 
In terms of the long stability experiments at 750 ℃ under methane-rich dry reforming 
conditions, the amount of CH4 and CO2 conversion were close to the stoichiometric ratio for 
both the 0.25 and 1-Ni hydrothermal pyrochlore catalysts. The main difference between 0.25- 
NiLCZ and 1-NiLCZ was in the amount of syngas emission, where it was higher by nearly 
20% for 1-Ni-LCZ. The decrease in the amount of CO and H2 in comparison with 1-NiLCZ 
could be because of some side reactions as CO reduction (CO-R). During the DRM, the 
amount of H2 was lower than CO because of the reverse water gas shift reaction. In addition, 
ceria can chemisorb large amounts of H2 and CO. Both catalysts showed stability in 
performance without any deactivation over 3 days of reaction. 
The amount of carbon deposition showed no real increase with time for both 0.25 and 1-Ni-
LCZ catalysts, increasing the amount of Ni at 750 ͦ C did not show any effect on deposited 
carbon. One visible difference between the two catalysts is that the carbon peak shifts to 
higher temperature for 1-Ni-LCZ, indicating the presence of traces of carbonaceous species, 
while one major TPO peak at 500 °C for 0.25 -NiLCZ corresponds to a soft type of carbon 
since it can be oxidised under relatively mild conditions. This presence of soft carbon 
supports the hypothesis leading to small Ni domains available at the catalyst surface during 
the reaction. Therefore, the Ni particles of 0.25-NiLCZ remain small and well dispersed on 
the surface. The agglomeration of Ni clusters would lead to more graphitic carbon. 
In the methane-rich dry reforming, both the hydrothermal and the Pechini Ni catalysts showed 
slightly higher CH4 conversions than the Ru catalyst at the lower temperature. As the CO2 
conversion for both Ni catalysts decreased at the lower temperature, it suggests that the 
Boudouard reaction is occurring and is more likely on Ni catalysts than the Ru catalyst. As 
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the amount of CO2 increased due to the Boudouard reaction, the probability of methane 
conversion increased at the lower temperature. The selectivity of H2 and CO in both Ni 
catalysts is lower than for the Ru catalyst at 650 ͦ C due to the Boudouard reaction and CO 
reduction reaction causing an increase in water production. Ni catalysts prepared by the 
Pechini method showed the lowest syngas selectivity at the middle temperature. Ru catalyst 
showed a 3% reduction in selectivity at 850 ͦ C in contrast with other Ni catalysts due to the 
carbon deposition. 
The hydrothermal 1Ni-LCZ pyrochlore catalyst has the highest amount of carbon deposition 
because of the Boudouard reaction and hydrogenation of CO at the lower temperature. The 
amount of carbon deposition was not significantly different at various temperatures on the Ni 
catalysts prepared by the Pechini method. At 850 ͦ C, the Ru catalyst showed a low level of 
carbon deposition due to methane decomposition which affects catalyst activity. The highest 
level of deposited carbon did not affect the Ni catalysts activity. It can be concluded that the 
amount of Ni that is not incorporated within the pyrochlore structure in the hydrothermal 
method was the reason for promotion of the Boudouard reaction and high activity of the 
catalyst at the middle temperature. The presence of cerium and the form and structure of the 
catalyst play an essential role in catalyst activity. Ru catalysts support methane decomposition 
and Ni catalyst support the Boudouard and CO reduction reactions. By decreasing the ratio of 
Ni in the hydrothermal LCZ catalysts, the amount of carbon deposition decreased, and it can 
be said that the hydrothermal preparation method had no adverse effect at the lower 
temperature, however controlling the Ni amount has to be done carefully to achieve the best 
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4. Dry reforming of methane over pyrochlore catalysts under 
stoichiometric conditions: - 
 
This section of the thesis will demonstrate the effect of stoichiometric conditions on various 
catalyst’s activity with differing Ni loading, preparation method and active metal.  
4.1.1   Effect of different Ni loadings on the LCZ catalysts: - 
The reactions over time at different temperatures under stoichiometric conditions for 0.25, 0.5 
and 1Ni-LCZ are shown in figure 4-1. 
As can be seen, the profiles of all three catalysts are almost identical, and the initial reaction 
occurred by increasing the synthesis gas at around 450 ͦ  C.  Due to the reverse water gas shift 
reaction the amount of CO was higher than H2 at all temperatures. On increasing the 
temperature, the ratio of H2:CO almost becomes one for higher Ni loading catalysts. 0.25 
NiLCZ did not however show unity in the H2/CO ratio. The presence of free ceria in the 
structure of the catalyst could be the reason for the reverse water gas shift reaction and as a 
result this gives a lower H2/CO production ratio. 




4.1.2 Isothermal of stoichiometric dry reforming over different Ni loadings 
The activity and stability of various Ni loading in the La Ce Zr 2-xNi xO 7 catalyst (x=0.25, 0.5 
and 1) has been investigated using stoichiometric conditions. The dry reforming reaction was 
performed at different temperatures for around 20 h. and to determine the carbon deposition, a 
TPO experiment was conducted at the end of each reforming experiment   
4.1.2.1.1 Low loading of Ni (0.25Ni-LCZ):- 
The lowest conversion was seen at 650 °C due to the endothermic nature of dry reforming 
which is preferred at a higher temperature6. As can be seen from figure 4- 2; the CH4 
conversion was lower than the CO2 conversion by 8% at 650 ͦ C. In contrast, due to the 
reverse water gas shift reaction, the level of H2O was higher in comparison with the other 
higher temperatures. Moreover, the CO yield was less than the CO2 conversion by 8% 
suggesting that the Boudouard reaction was occurring that increased the amount of CO2. As 
the amount of H2 was lower than expected by 20%, the reaction of carbon deposition via 
CO2+2H2↔C+2H2O could be the cause of this reduction8 in addition to the water gas shift 
reaction. At 800 ͦ C, due to the water gas shift reaction, the methane conversion ratio becomes 
higher than the CO2 conversion. 
Interestingly the H2 and CO yields did not correlate with the CH4 and CO2 conversions, and 
even they were lower than the synthesis gas yield at 750 ͦ C. In addition, the amount of H2O 
was smaller than was seen at 750 ͦ C. Therefore, the reverse water gas shift reaction and 
methane coupling could not be the reason for this 15 to 20% reduction and the amount of CO 
was higher than H2 because of the reverse water gas shift reaction at 750 ͦ C.  
Generally, it can be said that the CH4 and CO2 conversion increased by increasing the 
temperature and in contrast, the amount of water decreased. At 750 ͦ C and 800 ͦ C, the H2: CO 
ratio reached unity, however, the amount of synthesis gas was higher at 750 ͦ C.    
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figure 4- 2- isothermal dry reforming of methane at various temperature over 1Ni-LCZ with 
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4.1.2.1.2 Carbon deposition: - 
Figure4- 3 shows the CO2 production profile of 0.25-NiLCZ after 20h reaction at different 
temperatures in the temperature programmed oxidation experiment. As carbon deposition is a 
factor for DRM deactivation, the critical aim in catalyst development is avoiding the hard 
carbon formation.  
The profile of 0.25Ni-LCZ at 750 and 650 ͦ C indicate the presence of a soft type of carbon 
that oxidises under mild conditions of 400 and 700 ͦ C. It can also be observed that the amount 
of deposited carbon at 650 ͦ C is five times more than the carbon formation at 750 ͦ C. As the 
CO yield at 650 °C was lower by about 20% in comparison with 750 ͦ C, therefore the 
Boudouard reaction could be taking place and may account for this significant amount of 
carbon at 650 ͦ C.   At 800 ͦ C, the CO2 peak shifted to lower temperature and the amount of 
carbon deposition showed no significant difference in comparison with 750 ͦ C. The reason is 
due to the thermodynamic equilibrium of carbon formation which is favourable at a low 
temperature1. The small broad peak at 300 and 500 ͦ C can be attributed to amorphous, atomic 
carbon species that easily gasified2-4. 
It can be concluded, as carbon deposition is closely related to Ni particle size, the presence of 
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a) 
Figure 4- 3-post reaction TPO profiles of isothermal stoichiometric dry reforming over 0.25- 
NiLCZ at various temperatures. 
 
4.1.2.2.1 Mid-loading of Ni (0.5Ni-LCZ):- 
Almost stable catalyst activity can be observed from figure 4- 4 at all temperatures. However, 
a slight gradual decrease in methane conversion occurred at 650 ͦ C. Since methane is believed 
to be activated by Ni, methane conversion appears to be more sensitive to deactivation than 
CO2 due to carbon formation around or over the Ni particles as a result of the Boudouard 
reaction5. 
At 700 ͦ C, the reaction of carbon gasification via CO+H2↔C+H2O causes the significant 
reduction in H2 yield in comparison with the CH4 conversion8. The ratio of H2/CO was lower 
than one due to the reverse water gas shift reaction. By increasing the temperature to 750 and 
800 ͦ C, the level of methane conversion increased due to the endothermic nature of dry 
reforming which is preferred at a higher temperature. However, the amount of H2 was lower 
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Figure 4- 4- isothermal dry reforming of methane at various temperature over 0.5Ni-LCZ with 
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4.1.2.2.2 Carbon deposition:- 
The post reaction profile of deposited carbon shows a reverse trend in increasing carbon 
deposition with temperature. This increase in carbon deposition is due to the Boudouard 
reaction and CO reduction that is favourable at a low temperature. The amount of deposited 
carbon at temperature of 750 and 800 ͦ C was lower by 86 times in comparison with 650 ͦ C. 
 
Figure 4- 5-post reaction TPO profiles of isothermal stoichiometric dry reforming over 0.5- 
NiLCZ at various temperatures 
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4.1.2.3.1 High loading of Ni (1Ni-LCZ):- 
Because of carbon deposition, the CH4 conversion showed a decreasing trend with time at 
650 ͦ C, due to the loss of active Ni sites. However, this decreasing trend was not observed in 
the CO2 conversion. By increasing the temperature to 850 ͦ C, the average of methane 
conversion increased from 72% to 96%. Some level of water formation was seen at all 
temperatures that makes the amount of CO larger than H2. At 750 ° C, the reverse Boudouard 
reaction increased the catalyst activity. The CH4 conversion was higher than CO2 conversion 
by 5% at 850 ͦ C, while, the amount of H2 was lower than the CO yield. Also, the amount of 
H2O increased in comparison with 800 ͦ C. It can be suggested, that due to the presence of 
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Figure 4- 6- isothermal dry reforming of methane at various temperature over 1Ni-LCZ with 
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4.1.2.3.2 Carbon deposition:- 
As can be seen from figure 4-7, the amount of deposited carbon increased by decreasing the 
temperature. In comparison with the TPO profile of the lower Ni loading, the CO2 peak 
shifted to higher temperature due to the presence of more Ni species that are not within the 
pyrochlore structure. The agglomeration of Ni clusters would lead to more graphitic carbon 
that oxidised at higher temperature. The amount of deposited carbon at 850 ͦ C is 400 times 
lower than 650 ͦ C. This may suggest that this kind of Ni supports the Boudouard reaction. 
 
Figure 4- 7-post reaction TPO profiles of isothermal stoichiometric dry reforming over 1- 
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4.1.3 Comparison study of the CH4 and CO2 conversions, product selectivity and carbon 
deposition for LCZ catalysts with different nickel contents during stoichiometric 
methane dry reforming 
 
Because of the low loading of Ni in 0.25 Ni-LCZ at 650 ͦ C, the CH4 conversion was lower 
than other catalysts. However, 0.5 Ni-LCZ had higher conversion than 1 Ni-LCZ due to the 
more significant amount of deposited carbon on 1 Ni-LCZ that blocks Ni active sites. 
The CO2 conversion followed the same trend as the methane conversion at 650 ͦ C with a 
higher amount because of the reverse water gas shift reaction. The lower amount of H2 in 
comparison with the CH4 conversion could be due to the CO reduction that increased by the 
decrease in Ni loading. By increasing the temperature, the gap between CO2 and CH4 
conversion decreased. Generally, 0.5 Ni-LCZ showed higher activity in comparison with 
others. At the temperature of 750 ͦ C, deposited carbon decreased significantly in the 0.5 and 
1Ni-LCZ whilst the lowest loading of Ni, 0.25Ni-LCZ, had the lowest amount of deposited 
carbon at all temperatures.  
At 800 ͦ C, despite the amount of CH4 and CO2 conversion in 0.25 Ni-LCZ being at the same 
level as other catalysts, the amount of synthesis gas showed a dramatic decrease. The water 
gas shift reaction could be the reason for this decrease, CO+H2↔H2O+C. The presence of 
ceria in the catalyst structure depresses the deposited carbon and increases the amount of CO 
















































Figure 4-8- Comparison between different Ni loading LCZ at various temperatures during 
stoichiometric dry reforming condition a) CH4 conversion b) CO2 conversion c) H2 Yield d) 














































































4.2   Effect of Pechini preparation method 
4.2.1 Temperature programmed dry reforming:- 
As can be seen from figure 4- 9, the conversion of reactants began at ~500 ͦ C. Because of the 
reverse water gas shift reaction, the amount of CO was higher than H2 at temperatures above 







Figure4- 9- Reaction profile for 1:1 CH4/CO2 mixture passed over 1-NiLCZ prepared by 
Pechini method 
4.2.2.1 Isothermal dry reforming of methane 
As can be seen from figure 4- 10, the lowest level of methane conversion was at 650 ͦ C. At 
this temperature, the conversion decreased from 62% to 52%, which could be because of 
carbon deposition that blocked the active Ni sites or sintering of Ni.  Due to the higher 
activation energy of CH4 and the reverse water gas shift reaction, the CO2 conversion was 
higher than CH4 conversion5. On increasing the temperature to 750 ͦ C and 800 ͦ C, a 
significant increase in methane conversion was seen by 20 and 30% respectively. However, 
this increase was followed by a 10% reduction in conversion ratio by the end of 20h. 
A lower amount of H2 in comparison with the CH4 conversion is due to the reverse water gas 
shift reaction. At 650 ͦ C because of the Boudouard reaction, the CO yield was lower than the 




























Figure 4- 10- isothermal dry reforming of methane at various temperature over 1Ni-LCZ with 
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4.2.2.2 Carbon deposition:- 
  
The carbon deposition was studied using temperature programmed oxidation (TPO) for the 
spent catalyst from the dry reforming reaction at various temperatures. 
For all conditions, a tiny peak can be seen from figure4- 11, due to carbon which can easily 
oxidise at around 500 ͦ C. Even at 650 ͦ C, the amount of carbon is negligible which indicates 
the catalyst is resistant to carbon deposition. 
 
 
Figure 4- 11-post reaction TPO profiles of isothermal stoichiometric dry reforming over 1- 
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4.3   Effect of active metal 
4.3.1 Temperature programmed dry reforming:- 
To study the effect of metal substitution and determine the catalyst light off temperature, a 
temperature programmed reaction was performed on 0.5Ru-LCZ. 
Figure 4- 12 shows the reaction started at around 400 ͦ C, and as result of the RWGS reaction, 
a small amount of H2O formed over the catalyst and the rate slightly increased at 575 ͦ C. 
Figure 4-12- Reaction profile for 1:1 CH4/CO2 mixture passed over 0.5-RuLCZ catalyst 
prepared by the hydrothermal method 
4.3.2.1 Isothermal dry reforming of methane on 0.5 Ru-LCZ 
The effect of temperature and time on stream for 0.5 Ru-LCZ is shown in figure4- 13. 
At all three reaction temperatures, high stability in catalyst activity can be seen. By increasing 
the temperature, the conversion of reactants increased due to the endothermic nature of the 
DRM reaction. The XCH4 at 650 ͦ C was about 76%, and with increasing the temperature to 
800 ͦ C, the conversion increased by 20%. The CO2 conversion also showed the same trend of 
methane conversion. However, a higher amount in XCO2, due to the RWGS was noticeable at 
the lowest temperature. The H2 yield was significantly lower than CH4 conversion at 650 ͦ C. 
Therefore, the reverse water gas shift reaction would not be the only reason for this reduction 
as XCO2 did not show much difference in comparison with the CH4 conversion. The reason 

















































Figure 4- 13- isothermal dry reforming of methane at various temperature over 0.5Ru-LCZ 
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4.3.2.2 Carbon deposition:- 
The TPO profile of 0.5 Ru-LCZ is shown in figure 4- 14. At the temperature of 650 and 750 ͦ 
C, the amount of carbon deposition was similar and also two peaks were observed at around 
300 and 600 ͦ C. The presence of the peak at 600 ͦ C, can be attributed to the deposition of 
carbon on the oxide surface of the catalyst, while, a peak at a lower temperature indicates a 
relatively reactive carbon species which deposited on or near the active Ru sites9,10. At a 


















Figure 4- 14-post reaction TPO profiles of isothermal stoichiometric dry reforming over 0.5 
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4.4 Summary of the effect of preparation method and metal dopant on dry 
reforming (1:1 CH4:CO2) 
 
4.4.1 Methane and carbon dioxide conversion: - 
The results of average CH4 and CO2 conversion after 20 h at various temperatures during 1:1 
CH4:CO2 dry reforming for 1Ni-LCZ and 0.5-Ru-LCZ prepared via the hydrothermal and 
Pechini methods are shown in figure4- 15. 
In the case of CH4 conversion, 1-Ni-LCZ prepared by the Pechini method had the lowest 
conversion especially at 650 ͦ C. In contrast, as Ru catalysts are much more resistance to 
carbon formation, with 0.5 Ru-LCZ showing more conversion by 20%. Interestingly, by 
changing the preparation method to the hydrothermal method, the conversion increased by 
15% in 1-Ni-LCZ. 
CO2 conversion in Pechini method was higher than CH4 conversion by 12%, whilst in the 
other two catalysts the difference was only 5%, which indicates that the Pechini method 
promotes the reverse water gas shift reaction. By increasing the temperature to 750 and 800 ͦ 
C, the difference in conversion between 1-NiLCZ (Pechini) and 0.5 Ru-LCZ decreased to 
12%, while, with 1Ni-LCZ (HY) the difference was 3%. 
Figure 4- 15-Average a) methane and b) carbon dioxide conversion for various catalysts at 























































4.4.2 Product selectivity 
In comparison with the CH4 and CO2 conversion, 0.5Ru-LCZ had the higher reduction in H2 
and CO yield by 16 and 12% respectively. The syngas yield in 1-Ni-LCZ (HY) was in a good 
agreement with CH4 and CO2 conversion, and only a 6% reduction in H2 yield was seen and 
this was similar for 1-Ni-LCZ (Pechini). The decrease in syngas yield in 0.5Ru-LCZ at 650 ͦ C 
could be due to the methane coupling, CO reduction reaction (CO+H2↔H2O+C) and 
combining Boudouard and RWGS reaction. By increasing the temperature, 1-Ni-LCZ 
(Pechini) showed the same behaviour as 0.5Ru-LCZ at 650 ͦ C. The Ni catalyst prepared by 
the hydrothermal method only shows common side Boudouard reaction and reverse water gas 















Figure 4-16-Average a) H2, b) CO and c) H2O selectivity for various catalysts at different 
























4.4.3 Carbon deposition:- 
As can be seen from figure 4- 17, a significant amount of carbon was deposited on 1Ni-LCZ 
prepared by the hydrothermal method. The Ru catalyst, as was expected showed the lowest 
level of carbon deposition and even at 650 ͦ C, the deposited carbon can be considered 
negligible.  By increasing the temperature to 750 ͦ C, the level of carbon decreased 
dramatically over 1Ni-LCZ (Hy) and showed some similarity with other catalysts. At 800 ͦ C, 
all three catalysts did not show any noticeable carbon from their TPO profile.  
Figure 4-17-carbon deposition for various catalysts at different temperatures during 1:1 
CH4:CO2 dry reforming reaction 
 
4.5 Conclusions:- 
The profile for temperature programmed reaction of DRM for different Ni loading on the 
LCZ catalyst prepared by the hydrothermal method was almost identical. The profile showed 
the DRM reaction began at ̴ 450℃ and CH4 and CO2 were fully consumed by 750℃. For the 
Ni containing catalyst that prepared by the Pechini method, although the reaction started at 
the same temperature, the ratio of H2/CO  showed a significant decrease with temperature due 
to the reverse water gas shift reaction and the reverse Boudouard reaction. The starting 
temperature point for the Ru catalyst was lower by 50℃ in comparison with other catalysts. 
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The isothermal study at 650℃ showed that, the 0.5NiLCZ had the highest CH4 conversion 
than 0.25 and 1-NiLCZ which was attributed to the lower amount of active sites in 0.25-
NiLCZ and the higher amount of deposited carbon on 1-Ni-LCZ,. At this temperature the Ni 
catalyst prepared by the Pechini method showed the lowest activity and the Ru containing 
catalyst had the highest activity. At this temperature, due to the higher activation energy of 
CH4 and the reverse water gas shift reaction, CH4 conversion was lower than the CO2 
conversion for all the catalysts. 
The highest level of deposited carbon on all catalysts was at 650℃, and therefore this kind of 
catalyst is affected by the Boudouard reaction and CO reduction. It can also be seen that the 
amount of Ni played significant role in carbon deposition and as was discussed in section 
4.1.3, the highest level of carbon was on 1-NiLCZ which reduced the catalyst activity. 
Although, the 1-Ni-LCZ catalyst prepared by the Pechini method had significant lower 
amount of carbon deposition than 1-NiLCZ(Hy), its activity was not as good as the 
hydrothermal method which could be due to the loss of surface area, sintering or a poisoning 
mechanism11-13. Among all the catalysts, the Ru catalyst showed the lowest carbon deposition 
at 650 ℃. 
The activity of all catalysts increased when temperature is increased from 650 ͦ C to 750℃, 
which agrees with the endothermic nature of the reactions. However, the Ni containing 
catalyst prepared by the Pechini method still had the lowest reactants conversion and products 
selectivity and even at 800℃ showed higher water formation.    
The amount of carbon deposition decreased dramatically at the temperatures of 750 and 800℃ 
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5   The effect of adding H2S to simulate biogas on 
reforming activity and catalyst performance 
 
Sulphur compounds are common impurities in natural gas; therefore, a sulphur resistant 
catalyst is required to avoid catalyst poisoning and to reduce the cost of any 
desulphurization stage of the reforming process. The toxicity of sulphur compounds to 
catalysts decreases in the order of H2S, SO2, and SO3. 
As ppb levels of H2S can inhibit the catalyst activity, an important characteristic of the 
catalyst is its capacity to adsorb sulphur, in addition to having a certain degree of 
regeneration. Various variables such as sulphur composition, the composition of the 
catalyst and operating conditions determine sulphur toxicity.1 
5-1-1 Sulphur chemisorption on nickel  
Group 8 metal catalysts are susceptible to sulphur poisoning due to the availability of a 
number of electron pairs for bonding. Nickel is more sensitive to sulphide formation than 
other group eight metals2. Three factors that influence the degree of sulphur poisoning of a 
metal and ease of their regeneration are the nature of the metal, the sulphur-metal and 
sulphur –support interactions that can be influenced by preparation method3.  
Sulphur compounds can decrease the activity of a Ni-based catalyst due to: 1 strong 
sulphur chemisorption on active sites of catalyst to form metal sulphides which prevent 
reactant molecules adsorption via eq (1) 
H2S + Ni ↔ Ni-S + H2……eq (1) 
2 modify the chemical nature of the active sites or generate new compounds that may 







H2S/H2, bulk sulphides are generated while at a low ratio only surface nickel sulphides can 
be formed. Ni3S2 is the most common Ni-S species that has been reported in the literature,6.  
The temperature of the reaction, gas phase composition and reactor parameters can 
influence the formation of Ni-S species5. 
Deactivation and regeneration of several Ni-based catalysts including Ni/ZrO2Al2O3, 
Ni/CeO2Al2O3, Ni/CeO2/ZrO2 Al2O3 and Rh-Ni/CeO2 /Al2O3 under tri-reforming reaction 
were investigated by Urko et al . Their study showed that when 25 ppm of H2S was 
continuously added to the system at 800 ͦ C, quick deactivation and no catalyst regeneration 
after both self-regeneration and regeneration by oxidation process occurred in the case of 
Ni/ZrO2/ Al2O3. Both Ce catalysts recovered most of their initial activity and even give 
higher activity than before the sulphur poisoning stage after regeneration via oxidation due 
to the structural modification. Rh-Ni/Ce-Zr Al2O3 showed higher resistance to 
deactivation, and it was the only catalyst which showed  activity with 30% yield in the 
presence of 25ppm H2S. The study suggests that focussing on the use of different support 
and reforming metals can help resist sulphur poisoning.7 
5-1-2 The effect of ceria on sulphur tolerance of catalyst  
 
It is fair to say that the discovery of the redox properties of ceria and doped Ceria’s has 
revolutionized both catalysis and SOFC science, especially given the oxide ion and 
electronic conductivity of doped ceria. Ceria by acting as a store for oxygen can react with 
carbon and sulphur species and improve sulphur tolerence8. 
 The reduced form of ceria is more reactive toward sulphur compounds than the 
stoichiometric form. The reaction of reduced form with H2S is shown in (eq 2). 
 







Oxysulphate compounds in low concentration (<100ppm) react poorly and have less 
reforming activity than ceria9,10. Ceria by delaying nickel sulphide formation improve 
sulphur tolerance of the catalyst 11,12. As CO2 concentration in dry reforming influences the 
ceria oxidation state (eq3), the different form of ceria will have significant effect toward 
sulphur poisoning.11,13 
Ce2O3 + CO2↔ 2CeO2 + CO………………eq 3 
 
The influence of CeO2 doping on commercial nickel catalyst (Ni/YSZ) under dry 
reforming condition in the presence of H2S was investigated by Laycock et al. 14 
Due to the recent advancement in perovskites materials as a reforming catalyst, Evans 
investigated a 4 mole% Ni doped SrZrO3 and compared its performance with doped and 
undoped ceria (Ni/YSZ). The perovskite showed higher resistance to sulphur poisoning 
than the nickel cermet materials which was attributed to the structure of the perovskite 
which meant sulphur faced difficulty to bond with the nickel ion.15 
As the behaviour of pyrochlores as excellent methane dry reforming catalysts in the 
presence of H2S is unknown, this part of the study focussed on looking at the influence of 
H2S poisoning on these new pyrochlores at various temperatures and H2S concentrations. 
 
 
 To study the effect of temperature on poisoning, the reactions were performed at variable 
temperature in the range of 700-1000 ͦ C and in the presence of 30 ppm H2S during dry 
5.2 The influence of temperature on the hydrothermal Ni -LCZ 
pyrochlore catalyst  






reforming of 2:1 CH4: CO2. Figures  5-1 to 5-5 show the behaviour and the percentage 
amount of each reactant and produced gases as a result of the dry reforming reaction. 
 
 
Fig 5-1 percentage of methane conversion at different temperatures during methane-rich 
dry reforming over 0.25Ni-LCZ in presence of 30 ppm H2S 
 
Fig 5-2 percentage of carbon dioxide conversion at different temperatures for methane-rich 
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Fig 5-3 percentage of hydrogen yield at different temperatures of methane-rich dry 
reforming over 0.25Ni-LCZ in presence of 30 ppm H2S 
 
Fig 5-4 percentage of carbon monoxide yield at different temperatures of methane-rich dry 




















700  ͦC 
750  ͦC 
800  ͦC 
900  ͦC 





















700  ͦ C 
750  ͦ C 
800  ͦ C 
900  ͦ C 







Fig 5-5 percentage of H2O production at different temperatures of methane-rich dry 
reforming over 0.25Ni-LCZ in the presence of 30 ppm H2S 
 
At 700 ͦ C, the amount of CH4 was at the highest level of conversion in the first 2-3h of the 
reaction and this amount decreased sharply resulting in complete loss of reforming activity 
after 7 hours. The amount of CO2 conversion also showed the same CH4 conversion trend. 
It was interesting to see water and carbon monoxide despite the absence of H2 and CO2 at 
the end of reaction. 
At this temperature reaction, the deactivation occurred in two steps. The deactivation in the 
first region from 3 to 7h is because of the dissociative chemisorption of H2S on active 
nickel sites, which at lower temperature becomes more favourable thermodynamically 
resulting in more deactivation of the catalytic activity. The second step of deactivation 
could be because of the reaction approaching steady state behaviour.  
On increasing the temperature to 750 ͦ C, the same CH4 conversion profile as at 700 ͦ C was 
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the dissociative chemisorption of H2S is thermodynamically favourable at the lower 
temperature. In comparison with the temperature of 700 ͦ C, the amount of CO2 conversion 
was higher by about 20% and again the presence of water in the absence of H2 was clear. 
At 800 ͦ C the amount of CH4 conversion at the second phase of poisoning increased and 
remained constant at about 20%.  The amount of CO2 conversion showed a similar trend as 
for the CH4 conversion. The presence of water and higher amounts of CO in the absence of 
H2 could not be possible because of the water gas shift reaction. By increasing the 
temperature to higher values; the H2S poisoning did not show any deactivation. This is 
because the sulphur adsorption becomes thermodynamically unfavourable at the higher 
temperatures. It was seen that the reaction at the higher temperatures was associated with a 
cycling phenomenon. This could be due to continuous oxidation and reduction of Ce and 
Laycock also found the phenomena of cycling in his study14, where the catalyst activity 
increased when CeO2 reduces to Ce2O3 through methane reforming. The activity of the 
catalyst decreases due to the presence of Ce2O3 which is inactive for methane reforming. In 
the presence of O2 and CO2, Ce2O3 is reoxidized resulting in an increase in catalyst 
activity. This process occurs continually over the reaction and the concentration of O2 and 
CO2 influence the cycling as follows:  
Ce2O3 + O2 ↔ 2CeO2………………eq 4 
Ce2O3 + CO2 ↔ 2CeO2 + CO………..eq3 
At 900 ͦ C a period of fast cycling was seen before the catalyst showed a kind of stability. 
This suggests that during the lifetime of the reaction, the rate of H2S adsorption is slightly 
less than the rate of desorption. Stable reforming reaction with no loss of activity was seen 
at 1000 ͦC. 
The observations that can be concluded from the reforming profile of 0.25 NiLCZ are 






1- Two deactivation steps can be observed at temperatures below 900 ͦ C. The first 
deactivation phase accelerates with increasing reaction temperature. The reason 
behind this acceleration could be because of the formation of different forms of 
bulk nickel sulphide species where one sulphur atom can bind to four atoms of Ni 
(Ni4S) and by decreasing the temperature this ability may decrease and each Ni 
atom will be bound by one atom of sulphur (Ni6S6), Therefore, the lifetime of 
deactivation in the first phase increases by decreasing the temperature despite the 
dissociative chemisorption of H2S being more favourable at the lower temperatures. 
2- the gradual increase in the rate of water formation in the first phase of deactivation 
is followed by a decrease because of the following reaction: 
1) H2S + Ni ↔ H2 + NiS……………eq1 
2) 2CeO2 ↔ Ce2O3 + 1/2O2…......... eq4 
3) H2 + 1/2O2 ↔ H2O………….......eq5 
3- the presence of water at the second phase despite the absence of H2 and an increase 
in the amount of water with temperature may suggest the following: 
Ce2O3 + H2S ↔ Ce2O2S + H2O ……. eq2 
4- the reasons for the increasing amount of CO2 conversion at 750 ͦ C despite the 
absence of methane conversion and the decrease in the amount of H2O and CO in 
comparison with the temperature of 700 ͦ C   may be due to the following reactions: 
H2S + CO2 ↔ H2O + 1/2S2 + CO……. eq 6 
CO + H2O ↔ H2 + CO2………………eq7 
5- The reason for the increase in cycling behaviour at 900 ͦ C is due to: -                   
Ce2O3 + H2S ↔ Ce2O2S + H2O ……. eq2 







The amount of carbon deposition was determined by temperature programmed oxidation 
(TPO) and the results were compared and are shown in fig 5- 6. 
 
Fig 5-6- TPO profile at different temperature of methane-rich dry reforming over 0.25NI-
LCZ in presence of 30 ppm H2S 
 
 As seen from fig 5-6, the highest amount of carbon was decomposed at 700 ͦ C. At this 
temperature, and as was seen from CO yield profile in the previous section, the amount of 
CO was very high, and CO can convert to CO2 and carbon by the Boudouard reaction. 
2CO ↔ CO2 + C………….eq8 
 This reaction is thermodynamically favoured at lower temperatures. The carbon deposition 
profile for the other temperatures showed no significant differences in the amount. At 
1000 ͦ C, another carbon peak was observed, and this is because of the presence of several 
kinds of carbon that decomposed on several parts of the catalyst. 
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1-Ni-LCZ pyrochlore catalyst that has the higher amount of Ni, showed a longer stability 
during the first region against H2S poisoning. This longer stability was because more active 
sites were present on the catalyst and thus more time is needed to poison. Al the results are 
shown in fig 5-7 to11. 
 
Fig 5- 7- percentage of methane conversion at different temperature methane rich dry 
reforming over 1-Ni-LCZ in presence of 30ppm H2S  
 Fig 5- 8- percentage CO2 conversion at different temperature of methane-rich dry 
reforming over 1-Ni-LCZ in presence of 30ppm H2S 
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Fig 5-9- percentage of hydrogen yield at different temperature of methane-rich dry 
reforming over 1-Ni-LCZ in presence of 30ppm H2S 
 
 
Fig 5-10- percentage of Carbon monoxide yield at different temperature of methane-rich 
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Fig 5-11- percentage of H2O production at different temperature of methane-rich dry 
reforming over 1-Ni-LCZ in presence of 30ppm H2S 
 
At 700 ͦ C, the amount of methane conversion was at its equilibrium ratio for 2h before 
showing a gradual decrease in its conversion activity. The catalyst lost 30% of its activity 
and the ratio of CH4 conversion was 20% at the end time of reaction. At this temperature, 
CO2 conversion, H2 and carbon monoxide yield also showed the same trend with no 
secondary deactivation step. It was expected from the dry reforming reaction that the 
amount of H2 and CO would be twice the amount of CH4 and CO2, but at this temperature, 
the amount of CO and H2 were lower than the CH4 and CO2 conversions at the end of 20h 
of reaction. The reason suggested is because of the CO reduction reaction: 
 CO + H2 → C + H2O………….eq9 
that is thermodynamically favoured at the lower temperature and the existence of water in 
the reforming reaction can confirm this suggestion. When the poisoning temperature was 
increased to 750 ͦ C, the stability in CH4 conversion extended to 10 hours. After this 10h 
the rate of conversion dropped faster in comparison with that at 700 ͦ C. The amount of 
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of H2 and CO, which were lower, and the reason could be because of the CO reduction 
reaction. As was seen from the beginning of the reaction at 700  ͦ C, the amount of CO was 
lower by 20% than expected and this decrease in the amount of CO is because of the 
Boudouard reaction 
The secondary phase of poisoning was clear at 800 ͦ C. At this temperature, the catalyst 
showed steady conversion for around 7h before a steep decrease in the CH4 conversion. 
The percentage CH4 conversion remained at an average of 10% and cycling was seen after 
10h of reforming reaction and this could be due to desorption-adsorption of H2S. As can 
been seen from the percentage of H2O and the amount of CO in the secondary phase of 
poisoning, the amount of H2O and CO2 conversion was increasing despite the absence of 
H2 and CH4 conversion. The reason could be due to the reaction of ceria and carbon 
dioxide with H2S , as was seen from equations 2 and 6.  
Dissociative chemisorption of H2S becomes less favourable when the temperature 
increases and at 850 ͦ C the first phase of deactivation occurred at a slower rate in 
comparison with 800 ͦ C. A similar profile of H2, CO and CO2 was seen at 800 ͦ C and a 
high level of stability can be seen at 900  ͦC. The ratio of CH4 conversion showed some low 
cycling behaviour after 10 h of poisoning because of adsorption-desorption or redox 
properties of cerium. The CO2 conversion also showed the same trend of stability and it 
was in good relationship with CH4 conversion. Methane decomposition at this temperature 
was impossible as the amount of H2 did not increase. As the amount of CO was at the same 
level as H2 and less than expected by 20 %, this  may be due to the CO reduction reaction. 
There was no evidence of H2O throughout the duration of the reaction compared with other 
temperatures, which could be because of the presence of ceria in form of Ce2O3 at this 






Fig 5-12- TPO profile at different temperatures of methane-rich dry reforming over 1-Ni-
LCZ in presence of 30ppm H2S 
As seen in fig 5-12, and because of the Boudouard reaction, the amount of carbon 
deposition was seen  to be at the highest level at 700 ͦ C. Overlapping shoulders can see at a 
temperature of 600 ͦ C which could be due to CO reduction , as discussed previously. The 
second highest level was at 850 ͦ C and as can be seen from fig 5-9 the amount of H2 was at 
the highest level at the first 2 hours of reaction, and this is likely too due to the methane 
decomposition or reaction of Ce2O3 with CO. 
CH4 ↔ 2H2 + C ……..eq10 
Ce2O3 + CO ↔ 2CeO2 + C……eq11  
At 750 ͦ C and 800 ͦ C, less carbon deposition was seen in comparison with 700 ͦ C and 850 ͦ 
C. The reason is due to the Boudouard reaction and methane decomposition being less 
favourable thermodynamically at these two temperatures. Due to the CO reduction reaction 
eq (9) accuring at 750 ͦ C, the amount of carbon deposition was higher than 800 ͦ C.  Lower 
amounts of carbon deposition were seen at 900  ͦ C; despite the methane decomposition 
being more favourable at higher temperatures. The reason could be because the ceria 
suppressed the amount of carbon deposition at higher temperature, and this is because of 
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oxygen storage capacity of ceria and presence of oxidant in the form of CO2 coming from 
the reverse water gas shift reaction. 
 
 
 To study the effect of H2S concentration on the reforming profile, the 1-NiLCZ pyrochlore 
catalyst was chosen and the reactions were carried out at 850 ͦ C at the various H2S 
concentrations ranging from 10 ppm to 30 ppm with the results are shown in fig 5- 13 to17. 
 
 
 Fig 5-13- methane conversion for 2:1CH4:CO2 reforming reaction over 1-NiLCZ at        
850 ͦ C with different concentrations of H2S 
5.3 The influence of H2S concentration on the hydrothermal Ni-LCZ 
pyrochlore catalyst 


































Fig 5-14- Carbon dioxide conversion for 2:1 CH4:CO2 reforming reaction over 1-NiLCZ at 
850 ͦ C with different concentrations of H2S 
 
 
Fig 5-15- Hydrogen yield for 2:1 CH4:CO2 reforming reaction over 1-NiLCZ at 850 ͦ C 




















































Fig 5-16- Carbon monoxide yield for 2:1 CH4:CO2 reforming reaction over  
1-NiLCZ at 850 ͦ C with different concentrations of H2S 
  Fig 5-17- Water production for 2:1 CH4:CO2 reforming reaction over   1-NiLCZ at 850 ͦ C 
with different concentrations of H2S 
 
As can be seen from the result of the CH4 conversions at various H2S concentrations, by 
increasing the amount of H2S, the rates of poisoning increase significantly. At 10 ppm of 














































that, a period of large CH4 conversion cycling for the next 20 hours was observed. This 
period of cycling decreased over time and a more linear loss of conversion occurred in the 
end phase of the reaction. On increasing the concentration of H2S to 20 ppm, the loss of 
conversion was seen within 20 hours and at 30 ppm nearly no methane conversion was 
observed after 12 hours. In the case of CO2 conversion, the conversion exhibits a relatively 
similar trend to the methane conversion. At 30 ppm of H2S, the conversion of CO2 was 
about 40% by the end of the reaction, while the amount of CH4 conversion was about 5%, 
which was less than expected. The higher amount of CO2 conversion in the presence of 
higher amounts of H2S could be because of the reaction between H2S and CO2 with a 
production of CO, with this reaction favourable at relatively higher temperature (eq6).16  
The existence of higher amounts of water confirms this reaction. Also, it was important to 
note, that the amount of carbon monoxide was very low in comparison with CO2 
conversion and this may be because of the reaction with Ce2O3  (eq11). 
The following observations can be summarized from this section: 
1-The rate of deactivation increases by increasing the H2S concentration. 
2-The rate of water formation increases by increasing the H2S concentration. The 
formation of water is likely to be due to the presence of cerium in the catalyst eq (2). 
3- Cycling behaviour increased on decreasing the H2S concentration. This cycling 
behaviour suggested a beneficial effect for the catalyst as it reduced the extent of sulphur 
adsorption onto the nickel surface after this period of cycling; Ce2O2S acts as a protective 
layer which prevents the sulphur atom attacking the internal Ni sites resulting in a greater 
stability for the methane conversion without a decrease in activity. 
4- Compared to the conversion of methane, the amount of CO2 conversion increases with 








Fig 5-18- TPO for 2:1 CH4:CO2 reforming reaction over 1-NiLCZ at 850 ͦ C with different 
concentrations of H2S 
 
As can be seen from the fig 5- 18, the amount of carbon deposition increased on increasing 
the H2S concentration. The reason could be due to the adsorbed S blocking the lattice 
oxygen from oxidising the deposited carbon, in addition to the occurrence of eq 11, as 
discussed previously. The important observation is: at 10 ppm H2S, despite the reaction, 
being carried out for more than 80 hours, the amount of carbon deposition is low, and this 
means the catalyst has a high tolerance to carbon deposition thanks to the presence of 































5.3.2 The influence of H2S concentration at 700 ℃ 
 
The higher H2S concentration (30 ppm) played a significant role in CO2 conversion at the 
higher temperature (850 ͦ C) , as was discussed in the previous section, where the amount 
of CO2 conversion at the end of the reaction was higher than expected in comparison with 
the lower H2S concentration. For this purpose, it was interesting to know, how the 
behaviour of the reforming would change at a lower temperature. For that, the reactions 
were carried out at two concentrations of 10 ppm and 30 ppm at the temperature of 700 ͦ C 
for the same catalyst and the results are shown in the fig 5- 19 to 23.    
 
Fig 5- 19- methane conversion for 2:1CH4:CO2 reforming reaction over 1-NiLCZ at      
700 ͦ C with different concentrations of H2S 
Fig 5-20- Carbon dioxide conversion for 2:1 CH4:CO2 reforming reaction over 1-NiLCZ at 














































 Fig 5-21- Hydrogen yield for 2:1 CH4:CO2 reforming reaction over 1-NiLCZ at 700 ͦ C 
with different concentrations of H2S 
 
Fig 5-22- Carbon monoxide yield for 2:1 CH4:CO2 reforming reaction over 1-NiLCZ at 
700 ͦ C with different concentrations of H2S 
 
Fig 5-23- Water production for 2:1 CH4:CO2 reforming reaction over 1-NiLCZ at 700 ͦ C 




































































As can be seen from the CH4 conversion profile (fig 5-19), for both concentrations, the 
initial amount of CH4 conversion was higher than expected for around 3 hours, where at 10 
ppm and 30 ppm H2S the CH4 conversions were about 30% and 10% higher than the 
equilibrium ratio respectively. In general, Ni catalysts are rapidly deactivated and poisoned 
by sulphur compounds, but the presence of H2S in methane over Ni-LCZ pyrochlore 
catalysts represents a significant advantage, where the presence of a small amount of H2S 
at lower temperatures seems to have a catalytic effect on the methane decomposition 
reaction. This catalytic effect may be based on the formation of intermediate HS* radicals, 
which, attack the methane molecules to produce methyl radicals followed by 
decomposition to H2 and carbon.16 The higher amount of H2 in the first period of reaction 
could confirm this suggestion. Interestingly the amount of CO in both concentrations in the 
first period of reaction was lower by 20% than expected. This lowering in amount could be 
due to the Boudouard reaction which is thermodynamically favourable at this temperature. 
In spite of the different amounts of H2S in the reaction, the same catalytic behaviour was 
seen for around 3h and after that a continual decline in reforming was seen with a faster 
rate of decay  for 30 ppm of H2S. The presence of water in the reaction may be because of 
the CO reduction reaction (eq9). 
 
 
To study the effect of the amount of Ni on the performance of the catalyst, experiments 











The effect of Ni concentration on the catalyst performance at a low temperature are shown 
in fig 5- 24 to 28 
 
Fig 5-24- methane conversion for 2:1CH4: CO2 reforming reaction in presence of 30 ppm 









Fig 5-25- carbon dioxide conversion for 2:1CH4:CO2 reforming reaction in presence of 30 


























































Fig 5-26- Hydrogen yield for 2:1CH4:CO2 reforming reaction in presence of 30 ppm H2S at 
700 ͦ C with different concentrations of Ni 
Fig 5-27- Carbon monoxide yield for 2:1CH4:CO2 reforming reaction in presence of 30 



















































Fig 5-28- water production for 2:1CH4:CO2 reforming reaction in presence of 30 ppm H2S 
at 700 ͦ C with different concentrations of Ni 
 
As can be seen from fig  5- 24 to 28, the activity of the catalyst increased on increasing the 
content of nickel. The catalyst 1-NiLCZ did not show complete deactivation during 20 h of 
reaction and the CH4 conversion decreased gradually in one step, with the amount of CH4 
conversion at the end of 20 h of reaction being about 20% while the amount of CH4 
conversion for 0.5-Ni and 0.25-Ni were about 10% and 5% respectively at the end of the 
reaction. A two-phase loss of reforming activity was clearly seen for the 0.25Ni and 0.5Ni 
catalysts, where the first phase was accelerated by decreasing the amount of nickel and this 
may be due to a larger number of sites for reforming available in the 0.5Ni sample in 
comparison with the 0.25-Ni sample. It is important to note, that the presence of H2S had 
the same catalytic effect on methane conversion in all three catalysts at the beginning of 
reaction for around 3 hours, where all three catalysts had nearly the same amount of 
methane conversion despite the differing nickel amounts. In the case of CO2 conversion, 
the amount of CO2 decreased in the same trend as for CH4 and at the end of reaction time 
the percentage of CO2 conversion was around 35% for 1-Ni, while the amount of CO2 
conversion for 0.5- Ni and 0.25Ni were about 15% and less than 5% respectively. 



























the 0.25-Ni sample, which does not correlate well with CO2 conversion. In addition, there 
was a higher level of cycling in comparison with other catalysts at the beginning of the 
reaction. This suggests the availability of free Ce in the form of CeO2 is higher in the 
material as ceria can promote redox reactions and reacts with carbon according to  the 
Boudouard reaction to form CO as shown in the following reaction 
2CeO2+C↔Ce2O3+CO…………eq12 
Formation of Ce2O2S in 0.25-NiLCZ is most likely the reason for water being at a higher 
amount as shown in reaction eq (2) 
 
The following observation can be concluded from the effect of Ni concentration  
1-the amount of methane decomposition as a result of H2S catalytic promotion was higher 
than expected in all three catalysts at the beginning of the reforming reaction 
2-All the Ni-catalysts have the same period of stability before showing a decline in activity 
3-The deactivation rate increased by decreasing the amount of Ni  
4- Lowering the amount of Ni increases the amount of free ceria in the structure resulting 
in an increase in the amount of CO and H2O 
5-The second level of deactivation becomes clearer on decreasing the amount of Ni 
6- A decrease in the amount of carbon is observed resulting from Boudouard interaction by 














As can be seen from fig 5- 29, the lowest amount of carbon deposition was observed in the 
TPO profile of the 0.25-Ni catalyst and the amount of carbon deposition was at the highest 
level in the 1-Ni catalyst. Therefore, by increasing the amount of Ni, the amount of carbon 
deposition increased because of the higher amount of Ni sites available for carbon to 
deposit on. The lower amount of Ni also had an important role in increasing the amount of 
CeO2 in the structure resulting in lowering the amount of carbon (eq12), as was discussed 
in the previous section. 
 
Fig 5-29- TPO for 2:1CH4:CO2 reforming reaction in presence of 30 ppm H2S at 700 ͦ C 




































The effect of Ni concentration on the catalyst performance at high temperature are shown 
in fig 5- 30 to 34 
Fig 5-30- methane conversion for 2:1CH4:CO2 reforming reaction in presence of 30 ppm 
H2S at 900 ͦ C with different concentrations of Ni 
 
 
Fig 5-31- Carbon Dioxide conversion for 2:1CH4:CO2 reforming reaction in presence of 30 
ppm H2S at 900 ͦ C with different concentrations of Ni 















































Fig 5-32- Hydrogen yield for 2:1CH4:CO2 reforming reaction in presence of 30 ppm H2S at 
900 ͦC with different concentrations of Ni 
 
Fig 5-33- Carbon monoxide yield for 2:1CH4:CO2 reforming reaction in presence of 30 















































Fig 5-34- Water production for 2:1CH4:CO2 reforming reaction in presence of 30 ppm H2S 
at 900 ͦ C with different concentrations of Ni 
  
As shown in Fig 5- 30 to 34, at 900 ° C and 30 ppm H2S, the stability and tolerance toward 
sulphur were increased by increasing the amount of Ni. As seen from fig 5- 30, the cycling 
behaviour in the first period of reaction was increased by reducing the amount of Ni in the 
catalyst. The cycling behaviour for the 0.25 Ni, 0.5Ni and 1Ni catalyst started after the 
times of 2, 5 and 10 hours of the reaction respectively.  
Since the amount of Ni in this catalyst (0.25-NiLCZ) is at the lowest level, the free Ni 
which is not within the pyrochlore structure will also be low and as a consequence, the 
amount of free CeO2 will be higher due to there being not enough Ni on surface of CeO 2-x. 
Therefore an excessive amount of ceria simply acts as a sulphur adsorbent and as 



























form Ce2(SO4)3 and Ce2O2S species17. Ceria will also react with H2S and carbon to 
produce a higher amount of H2O and CO as was shown in eq 2 and 12. 
As the reaction progressed and the amount of free CeOx decreased, the cycling decreased 
in magnitude and a nearly stable conversion of methane continued for the rest of the 
reaction time. A low level of cycling could be due to the redox properties of ceria. In 0.5 
Ni-LCZ and 1-NiLCZ, the amount of free Ni increased and since the La2Zr2O7 pyrochlore 
has limited capacity for doping, this amount of free nickel will react with free cerium and 
the probability of formation of Ce3Ni, Ce5Ni and Ce10 Ni will be increased. Because the 
amount of free Ce was decreased, an increased stability at equilibrium ratios can be seen at 
the beginning of the reaction and this stability was twice the duration for the1-NiLCZ 
pyrochlore catalyst. It was noticeable in the 0.5-NiLCZ catalyst  that, after 5h of stable 
reforming, an organized cycling period of adsorption and desorption occurred for the rest 
of the reaction time, unlike the 0.25-Ni catalyst, which showed a long stable reforming 
period after the period of adsorption and desorption or oxidation and reduction as a form of 
cycling. As observed for the 0.25-NiLCZ catalyst, it can be concluded that, in the presence 
of higher amount of H2S and at the temperature of 900 ͦ C, an excessive amount of cerium 
in comparison with Ni in the pyrochlore structure, increases the cycling behaviour and as a 













As can be seen from fig 5-35, and as was expected, the lowest amount of carbon deposition 
was observed on the 0.25-NiLCZ pyrochlore catalyst. The reason was attributed to ceria’s 
OSC properties, where the presence of a higher amount of unconnected cerium in the 
structure, had the ability to oxidize the carbon that formed on the Ni surface.  
 
Fig 5-35- TPO for 2: 1CH4:CO2 reforming reaction in presence of 30 ppm H2S at 900  ͦC 






































5.5.1 Long term stability study on various NiLCZ pyrochlore catalysts 
prepared by the hydrothermal method  
 
To evaluate the influence of a low concentration of H2S on the behaviour and stability of 
the catalysts, the experiments were performed at 10 ppm H2S at 850 ͦ C on LCZ pyrochlore 
catalyst with different amounts of nickel. The results are shown in fig 5- 36 to 40 
Fig 5-36- methane conversion for 2:1CH4:CO2 reforming reaction in presence of 10 ppm 
H2S at 850 ͦ C with different concentrations of Ni 
 
Fig 5-37- carbon dioxide conversion for 2:1CH4:CO2 reforming reaction in presence of 10 





























































Fig 5-38- Hydrogen yield for 2:1CH4:CO2 reforming reaction in presence of 10 ppm H2S at 











5-39- Carbon monoxide yield for 2:1CH4:CO2 reforming reaction in presence of 10 ppm 

















































Fig 5-40- water production for 2:1CH4:CO2 reforming reaction in presence of 30 ppm H2S 
at 850 ͦ C with different concentrations of Ni 
 
As can be clearly seen from the results, the catalyst with the higher amount of Ni showed 
more stability and resistance to sulphur poisoning.  All three catalysts had the same initial 
methane conversion as the equilibrium state dry reforming reaction. The stability in 
performance of the 0.25Ni catalyst was for a period of 30 hours, whereas, the 1-NiLCZ 
catalyst showed performance losses after 70 hours of reaction. In all three catalysts, levels 
of cycling were observed, and a more linear loss of activity was seen in the final phase of 
reaction. It was important to note that no complete deactivation was observed in all three 
catalysts, and all three catalysts had nearly the same reforming activity by the end of 
reaction (30%). The amount of CO2 in all three catalysts displayed relatively good 
correlation with the CH4 conversion which means no methane decomposition, or other side 
reactions occurred except some water gas shift reaction. The cycling loss behaviour of the 
reforming activity before a linear loss of activity could be due to the H2S adsorption-
desorption on the cerium oxide surface and formation of Ce2O2S which was accompanied 



























reforming activity was seen despite the presence of H2S and this could be due to the 
formation of a sulphide ceria protective layer, which protects the nickel from poisoning. 
5.5.2 Carbon deposition:- 
 
Fig 5-41- TPO for 2:1CH4:CO2 reforming reaction in presence of 10 ppm H2S at 850 ͦ C 
with different concentrations of Ni 
 
As can see from fig 5-41, the lowest amount of carbon deposition can be observed at the 
lowest nickel doping. The type of carbon formed during the reaction was altered to a 
higher temperature form by increasing the amount of Ni to 1-NiLCZ. Except for the 0.5-
NilCZ catalyst which has one form of carbon, two distinct peaks were seen for the 
0.25NiLCZ and 1-NiLCZcatalysts. These two peaks may be due to deposition of carbon at 
different parts of the catalyst, with the peak at the lower temperature of 320 ͦ C in 0.25-
NLCZ suggesting the presence of a relatively reactive polymeric carbon species, which is 
located on or very near the active metal, and the peak at the higher temperature of 650 ͦ C 
for 1NiLCZ, due to the carbon accumulated on the oxide surface19. The peak observed at 






























To study the effect of preparation method on the performance of Ni-pyrochlore catalysts, 
1Ni-LCZ was prepared by the Pechini method. Methane-rich dry reforming reactions were 
carried out at various temperatures in the range of 700 ͦ C-900 ͦ C and in presence of 30 
ppm H2S. The results are shown in fig 5- 42 to 46. 
 
Fig 5- 42- percentage of methane conversion at different temperatures methane-rich dry 
reforming over Pechini 1Ni-LCZ in presence of 30 ppm H2S 
 
Fig 5- 43- percentage of CO2 conversion at different temperatures of methane-rich dry 




5.6 The effect of preparing catalysts using the Pechini method  
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Fig 5-44- percentage of hydrogen yield at different temperatures methane-rich dry 
reforming over Pechini 1Ni-LCZ in presence of 30 ppm H2S 
Fig 5-45- percentage of carbon monoxide yield at different temperatures of methane-rich 
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Fig 5-46- percentage of H2O production at different temperatures of methane-rich dry 
reforming over Pechini 1Ni-LCZ in presence of 30 ppm H2S 
 
At a temperature of 700 ͦ C, the catalyst showed a stable equilibrium value of methane 
conversion for about 4 hours before showing a gradual decrease in conversion with time. 
The decrease in conversion could be because of the loss of active metallic sites , as a result 
H2S poisoning. The carbon dioxide conversion correlated with the methane conversion in 
all periods of reaction. The higher amount of carbon monoxide in comparison with 
hydrogen was due to the water gas shift reaction and an increase in the amount of water 
after 8h confirmed this reaction as shown in fig 5- 46. The lower initial amount of CO was 
because of the Boudouard reaction. As the temperature was increased to 750 ͦ C, the 
amount of methane conversion became higher than expected and the percentage 
conversion was as high as 80 percent in the initial period of reaction. The reason could be 
because of CH4 decomposition in the presence of H2S which seems to have a catalytic 
effect on the methane decomposition by formation HS* radicals that attack the methane 
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can be seen from fig 5- 45, the amount of CO was higher than expected and did not 
correlate with the CO2 conversion. This could be because of the effect of CeO2 in the 
structure. At this temperature CeO2 can react with carbon formed from methane 
decomposition (eq12). A rapid decrease in the amount of H2 in comparison with CO was 
because of the water gas shift reaction, as shown in fig 5- 46. Two-stages of poisoning can 
clearly be seen at the temperature of 800 ͦ C. The stability in methane conversion was for 
10h at equilibrium ratio. As can be seen from fig 5- 42, the amount of methane conversion 
in the second phase became constant at 20% for the remainder of the reaction time. The 
amount of CO2 conversion correlated well with the amount of methane conversion but 
noticeably the amounts of H2 and CO were lower than expected. The amount of CO and H2 
at the beginning of the reaction decreased at the same level of decline by 20%. Therefore, 
this decrease can be attributed to the CO reduction reaction (eq 9). Since there is no 
evidence of water in this period of the reaction, the presence of cerium in the structure in 
the form of Ce2O3 can play a critical role. The following mechanism can be suggested for 
this behaviour: 
H2 + CO ↔ H2O + C………………eq 9 
Ce2O3 + H2O ↔ 2CeO2 + H2……..eq 13 
2CeO2 + C ↔ Ce2O3 + CO……….eq 12 
The higher amount of CO2 conversion during the second stage of poisoning in comparison 
with the methane conversion, and the reason for the amount of CO in the second stage 
being higher than hydrogen is most likely due to the reaction of CO2 with H2S (eq6). 
Similar behaviour was observed by increasing the reaction temperature to 850 ͦ C, but there 
was a significant difference in the length of the reaction, which increased as expected. The 
reason for this is that sulphur adsorption is not favourable at high temperature. With a 
temperature rise to 900 ° C steady stability was observed for approximately 9 hours 






of ceria in addition to the sulphur adsorption-desorption. These levels of cycling became 
more organized over time, and at 15 hours after the reaction started, the highest amount of 
CH4 conversion was nearly 50% and the lowest amount was about 40%, or in other words, 
the reduction in methane conversion was 10%. Moreover, it was observed that the rate at 
which the catalyst remains at the highest level of methane conversion in each cycle 
increases over time. More steady behaviour in CO2 conversion was observed in 
comparison with the CH4 conversion.  
 
The following observation can be concluded from this section: 
1- A second poisoning stage was observed by increasing the reaction temperature. 
2- The lifetime of the first stage increased on decreasing the reaction temperature. 
3- The second phase of poisoning is most likely because of the presence of ceria in the 
form of Ce2O3 
4- The conversion  of methane increased by decreasing the reaction temperature due 
















As can be seen from fig 5- 47, the highest level of carbon deposition was observed at 700 ͦ 
C. At this temperature the probability of the Boudouard reaction occurring is high. 
Although the possibility of the Boudouard reaction at 750 ͦ C exists, the presence of CeO2 
which reacts with deposited carbon becomes more effective and as result, the amount of 
carbon deposition decreased significantly in comparison with that at 700 ͦ C. No carbon 
deposition was observed at 800 ͦ C as was expected because of Ce2O3, which at this 
temperature has an important catalytic role as was discussed previously. When the 
temperature was increased to 850 ͦ C, the amount of carbon deposition increased 
dramatically in comparison with 800 ͦ C. The reason could be because of methane 
decomposition, which is more likely at higher temperatures. A significant reduction in 
carbon deposition was observed at 900 ͦ C in spite of the methane decomposition. This 
noticeable decrease could be because of the oxygen storage capacity of ceria which 
increases at 900 ͦ C, and most likely suppressed the amount of carbon deposition 
Fig 5-47- TPO profile at different temperatures of methane-rich dry reforming over Pechini 
1Ni-LCZ in presence of 30 ppm H2S 
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To determine the effect of H2S concentration on catalyst performance, reactions were 
performed at 850 °C and at concentrations of 10 ppm and 30 ppm. As was expected, the 
increase in H2S concentration increased the extent of 1Ni-LCZ catalyst poisoning. The 
results are shown in Fig 5- 48 to 52 during the reaction of a 2: 1 mixture of CH4: CO2 at 
850 ° C. 
 
 
Fig 5-48- methane conversion for 2:1 CH4:CO2 reforming reaction over 1-NiLCZ at  850 ͦ 
C with different concentrations of H2S 
 
 



























Fig 5-49- carbon dioxide conversion for 2:1CH4:CO2 reforming reaction over 1-NiLCZ at 
850 ͦ C with different concentrations of H2S 
 
Fig 5-50- hydrogen yield for 2:1CH4:CO2 reforming reaction over 1-NiLCZ at 850 ͦ C with 














































Fig 5-51- carbon monoxide yield for 2:1CH4:CO2 reforming reaction over 1-NiLCZ at 850 ͦ 
C with different concentrations of H2S 
 
Fig 5-52- water yield for 2:1CH4:CO2 reforming reaction over 1-NiLCZ at 850 ͦ C with 
different concentrations of H2S 
 
As can see from fig 5- 48, the methane conversion at 10 ppm H2S was stable for around 45 
hours. However, after that, some level cycling was observed followed by a fairly linear 


















































concentration to 30 ppm increased the rate of poisoning where the catalyst showed stability 
only for around 10 hours before a sharp decrease in its activity. At 30 ppm a slightly higher 
percentage of CH4 conversion was seen for the first 5 hours of the reaction. This behaviour 
could be due to H2S acting to encourage methane decomposition through the distribution 
of S across the catalyst surface. In the case of CO2 conversion, both catalysts showed good 
correlation with the CH4 conversion. The amount of CO in both catalysts was higher than 
the amount of H2, and therefore the H2S had a catalytic effect on the carbon dioxide 
reduction (eq 6).  The obvious difference between the two catalysts in addition to the 
lifetime was in the amount of H2 and CO yields where, as was seen, the amount of CO and 
H2 at 30 ppm H2S was lower than 10 ppm H2S by 20%. The reasons may be attributed to 
the CO reduction reaction in the presence of Ce2O3 and as was discussed before. 
 
As seen from fig 5- 53, the amount of carbon deposition increased with increasing the H2S 
concentration. The reason could be due to the adsorbed sulphur blocking the lattice oxygen 
from oxidising the deposited carbon species. The presence of two TPO peaks at 270 ͦ C and 
375 ͦ C for the 10ppm H2S indicates two kinds of carbon species were present on the 
surface, which have similar reactivity. This carbon could be polymeric in nature deposited 
near the metal site in the pyrochlore structure. By increasing the concentration of H2S to 30 























Fig 5-53- TPO profile at different concentration of H2S during methane-rich dry reforming 
over Pechini 1Ni-LCZ at 850ͦ C 
 
 
To study the effect of doping with a noble metal on the performance of LCZ pyrochlore 
catalyst, 0.5Ru-LCZ was prepared by the hydrothermal method. Methane-rich dry 
reforming reactions were carried out at various temperatures in the range of 700 ͦ C-850 ͦ C 
and in the presence of 30 ppm H2S. The results are shown in fig 5- 54 to 58. 
5.7 The effect of H2S on the 0.5Ru-LCZ-pyrochlore catalyst: - 

























Fig 5- 54- percentage of methane conversion at different temperatures during methane-rich 
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Fig 5- 55- percentage of carbon dioxide conversion at different temperatures during 
methane-rich dry reforming over 0.5Ru-LCZ   in presence of 30 ppm H2S 
 
 
Fig 5- 56- percentage of hydrogen yield at different temperatures during methane-rich dry 
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Fig 5- 57- percentage of carbon monoxide yield at different temperatures during methane-
rich dry reforming over 0.5Ru-LCZ   in presence of 30 ppm H2S 
 
Fig 5- 58- percentage of water yield at different temperatures during methane-rich dry 
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In the case of CH4 and CO2 conversion, as can be seen from fig 5- 54 and 55, there is a 
direct inverse relationship between sulphur poisoning and the temperature of reaction for 
the Ru-LCZ pyrochlore catalyst. The reason is because the sulphur adsorption is 
thermodynamically favoured at lower temperature. At 700 ͦ C there is a  lower amount of 
H2 in comparison with CO because of the water gas shift reaction (eq7). An increased 
amount of H2O compared with other temperatures at the beginning of the reaction confirms 
this reaction. By increasing the temperature to 750 ° C, the rate of the first stage of the 
deactivation increased slightly because sulphur attacks more than one active site at the 
same moment. At 800 ° C, the amount of H2 increased significantly and this is due to 
methane degradation (eq 10). The higher amount of CO is because of the presence of ceria 
in the structure which reacts with the adsorbed carbon (eq12).  Increasing the temperature 
to 850  ͦ C, the rate of deactivation decreased and the CO2 conversion showed the same 
trend of CH4 conversion. The initial amount of CO and H2 was similar and less than 
expected by 20%. This decrease in the amount could be because of the CO reduction 
reaction (eq 9) and since no evidence of water was observed in the first period of the 
reaction it is suggested that the cause is due to the presence of ceria in the structure in the 
form of Ce2O3 as shown in the following:- 
H2 + CO ↔ H2O + C……………..eq 9 
Ce2O3 + H2O ↔ 2CeO2 + H2…….eq 13 
2CeO2 + C ↔ Ce2O3 + CO………eq 12 
The presence of the higher amount of CO in comparison with H2 in the second period of 
poisoning is because of the reaction between the CO2 and H2S at the higher temperatures. 
Two-stage of poisoning with no complete loss of reforming activity were observed at all 
temperatures and the reason could be due to the interaction of ceria with sulphur which is 






The increase in the amount of water in the second stage of deactivation could be attributed 
to the reaction of ceria with H2S where this amount increases with temperature increasing. 
(eq 2) 
 
 As shown in fig 5- 59, at 700 ° C, and due to Boudouard reaction, the amount of carbon 
deposited was at its highest level. The increase in temperature to 750 °C led to a reduced 
Boudouard reaction, resulting in a reduced amount of carbon deposition. Increasing the 
temperature further, caused a greater increase in the amount of carbon deposition. This 
may be due to methane degradation at high temperatures. 
Fig 5-59- TPO profile of 0.5Ru-LCZ at different temperatures during methane-rich dry 
reforming in presence of 30ppm H2S 
 
The impact of poisoning temperature on Ru-LCZ can be concluded as below: 
1- First stage of deactivation increases by increasing the temperature  
2- The occupation of Ru atoms by sulphur, shift from one Ru atom at the lowest 
temperatures to binding two atoms as the temperature is increased 
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4- At temperatures of 700 ͦ C and 850 ͦ C, the lower amount of H2 is because of the 
water gas shift reaction and CO reduction reaction respectively. 
5- A significant increase in the amount of H2 at 800 ͦ C is because of methane 
decomposition. 
6- The reaction of carbon dioxide increases with sulphur by increasing the 
temperature. 
To evaluate the performance of the catalyst under various concentrations of H2S (10 ppm 
and 30 ppm), the dry reforming reactions were carried out at 850 ͦ C. As expected, the 
increase in H2S concentration increased the extent of 0.5-RuLCZ catalyst poisoning. The 
results are shown in Fig 5- 60 to 64 during the reaction of a 2:1 mixture of CH4: CO2 at 
850 ° C. 
 
Fig 5-60- percentage methane conversion for 2:1CH4:CO2 reforming reaction over 0.5-Ru-
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5.7.2.1 The influence of H2S concentration on the hydrothermal 0.5Ru-LCZ 







Fig 5-61- percentage carbon dioxide conversion for 2:1CH4:CO2 reforming reaction over 
0.5Ru-LCZ at 850 ͦ C with different concentrations of H2S 
 
Fig 5-62- percentage hydrogen yield for 2:1CH4:CO2 reforming reaction over 0.5Ru-LCZ 














































 Fig 5-63- percentage carbon monoxide yield for 2:1CH4:CO2 reforming reaction over 
0.5Ru-LCZ at 850 ͦ C with different concentrations of H2S 
 
Fig 5-64- percentage water yield for 2:1CH4:CO2 reforming reaction over 0.5Ru-LCZ at 














































At a concentration of 10 ppm, a highly stable reforming activity was observed over time. 
At this concentration the 0.5Ru-LCZ catalyst did not show any reduction in its activity for 
80 hours. The amount of all conversion and production of gases was comparable with the 
equilibrium state. When 30 ppm of H2S was added to the reactant stream, a slightly higher 
conversion was observed for methane in the first 10 hours of reaction. The reason could be 
because of the catalytic promotion by H2S, but over the same time a gradual decrease in 
CO2 conversion was noticeable. The `reason could be because of the presence of ceria in 
the structure of the Ru-catalyst ,where in the higher concentration of H2S, the amount of 
ceria was decreased due to the interaction of ceria with sulphur, and as a result there was a 
decrease in the  amount of CO2 conversion by ceria. The lower amount of H2 at 30 ppm 
H2S by 20% could also be attributed to the CO reduction reaction in the presence of Ce2O3 
as was discussed before. The presence of a larger amount of water at 30 ppm H2S 
compared to 10 ppm H2S provides support for this suggestion. 
It can be concluded that the presence of ceria in an excess amount of H2S has a dual 
function. On one side, at the beginning of the reaction, it increases the methane conversion 
capacity by maintaining a clean surface, in addition to decreasing the amount of H2O, C 
and the CO2 conversion. On the other hand, in the second stage of deactivation, ceria 
delays the poisoning of the Ru and increases the amount of water through its reaction with 
sulphur. (eq2) 
 
As can be seen from the TPO profile of deposited carbon in fig 5-65, there was a 
decreasing trend of carbon deposition with the amount of H2S concentration. At 30 ppm 
H2S, more carbon deposition was suppressed due to the formation of Ce2O2S which acts as 
protective cover. At 10 ppm H2S, more sites are available for reaction with more carbon 
and it was also noticeable from the TPO profile that an increase in H2S concentration did 






not change the type of carbon that formed during the reforming reaction. Therefore, it 
could be suggested that the carbon deposition occurs in the first phase of deactivation and 




Fig 5-65- TPO profile of 0.5Ru-LCZ at 850 C during methane-rich dry reforming in 
different H2S concentration 
 
The impact of H2S concentration on Ru-LCZ can be concluded as below: 
 
1- The lifetime of the reforming reaction increased by decreasing the H2S 
concentration   
2- A high amount of H2S has catalytic promotion on methane conversion and on CO 
reduction reaction at the beginning of the reaction 
3- Increasing the H2S concentration decreases the amount of carbon deposition over 
time through the formation of a protective cover in the form of Ce2O2S at the 


























In this section, due to the global warning of CO2 and the need for clean and renewable fuel, 
the effect of metal and catalyst preparation method was studied on CO2 conversion and H2 
production during methane rich dry reforming, including an investigation in the presence 
of H2S. 
The amount of CO2 conversion and H2 yield were compered on Ni-LCZ catalyst prepared 
by hydrothermal and Pechini methods and 0.5 Ru-LCZ pyrochlore catalyst prepared by the 
hydrothermal method in the temperature range 700 ͦ C to 850 ͦ C in the presence 30 ppm of 
H2S. 
As can be seen from the results in fig 5- 66 and 67, 0.5 Ru-LCZ shows the best reforming 
activity at all temperature when compared with the Ni-LCZ catalysts. This higher 
resistance to sulphur poisoning was attributed to the potential for the Ru to resist H2S 
binding. The 1Ni-LCZ catalyst showed the same trend of deactivation and the difference 
was in the lifetime, where the catalyst prepared by the Pechini method showed higher 
hydrogen production and CO2 conversion in comparison to those by the hydrothermal 
preparation method. The better performance of the catalyst prepared by the Pechini method 
could be because of greater Ni dispersion on LCZ. 
Analysis of the deposited carbon showed a high level of carbon deposition resulting from 
the Boudouard reaction at 700 ͦ C and low levels of carbon in the Ni-LCZ catalysts at 800 ͦ 
C, is as a result of Ce2O3 formation which acts as a protective cover. Also, as can be seen 
from fig 5- 68, a higher amount of carbon was deposited on the 1-NiLCZ catalyst, which 
was prepared by hydrothermal method and the temperature of carbon deposition was also 
at higher temperatures in comparison with other catalysts. 
5.8 The effect of metal and preparation method on sulphur poisoning 
during methane-rich dry reforming at one glance 






The amount of carbon deposition for the Pechini method sample was nearly at the same 
level as the Ru catalyst at low temperatures and, as can be seen, the carbon deposited on 
the Ru catalyst was at a lower temperature in comparison with other catalysts 
Fig 5- 66- Effect of temperature on H2 yield at a)700 ͦ C b)750 ͦ C c)800 ͦ C d)850 ͦ C in 















































































Fig 5-67- Effect of temperature on CO2 conversion at a)700 ͦ C b)750 ͦ C c)800 ͦ C d)850 ͦ C 


























































































5.8.1.2 Carbon deposition:- 
 
Fig 5-68- TPO profile at a)700 ͦ C b)750 ͦ C c)800 ͦ C d)850 ͦ C in various catalysts in 



























































































5.8.2 Long term stability 
 
To evaluate the effect of H2S at a low concentration on materials prepared by different 
methods and with different metals, the reactions were performed at a temperature of 850 ͦ C 
and in 10 ppm of H2S. 
As can be seen from fig 5-65, at 10 ppm H2S both the Ni catalysts showed nearly the same 
trend and nearly the same percentage of H2 production and CO2 conversion during the 50 
hours of the reaction. During the end period of reforming activity, the hydrothermal 
method catalyst showed more cycling behaviour before a linear loss in activity in 
comparison to the Pechini method catalyst. The Ru-catalyst did not show any loss in 
activity at this level of concentration. The amount of H2 yield at the end of 70 hours in the 
hydrothermal method was 10% higher than the Pechini method but the percentage of CO2 
conversion in both Ni catalysts was nearly the same and lower than the Ru catalyst by 
20%. 
In the case of the carbon deposition, both Ni catalysts had the same kind of TPO profile but 
with a difference in temperature of deposition, which was higher for the hydrothermal 
method. Only one sharp carbon peak was seen for the Ru-catalyst at the low temperature of 















 Fig 5-69- percentage of a) H2 yield and b) CO2 conversion for three difference catalyst at 
850  ͦC and in presence of 10 ppm H2S during 2:1 CH4:CO2 dry reforming 
 
Fig 5-70-TPO profile for various catalyst at 850 ͦ C and in presence of 10 ppm H2S during 





























































All pyrochlore catalysts in this work regardless of the preparation method and the type of 
doped metal have shown two stages of loss of reforming activity. The first stage is because 
of dissociative chemisorption of H2S and the second stage of deactivation is linked to the 
formation of bulk metal sulphide species. 
 
The first stage of deactivation is affected by the amount of Ni in the catalyst, preparation 
method, type of metal, initial H2S concentration and the temperature of the poisoning 
reaction. 
The first stage deactivation was accelerated by decreasing the amount of Ni in the catalyst 
with 0.25 Ni-LCZ having less active Ni sites and therefore showing faster deactivation. 
Generally, the Pechini preparation method showed higher resistance to deactivation than 
the hydrothermal method. The first stage of deactivation was delayed significantly at the 
higher temperatures and this resistance may be due to the structure of the catalyst. 
Because of the high activation energy for the catalytic process for Ru in comparison with 
Ni, the first stage deactivation was not observable during 20 hours at 800 and 850 ͦ C. The 
loss of reforming activity was significantly lower than Ni catalysts. 
By increasing the temperature, the first stage deactivation accelerates in all materials. This 
can be attributed to the reaction of one sulphur with more than one active site at a time.  
The first deactivation stage was significantly faster in 30 ppm than 10 ppm due to a 
dramatic decrease in active sites.  
 
The CO2 conversion was in good correlation with the CH4 conversion for the Ru catalyst, 
while all Ni-doped pyrochlore catalysts showed higher CO2 conversion. This can be 







All Ni-doped catalysts encouraged the CO reduction reaction that decreased the amount of 
H2 and increased water formation. 
 
Cycling behaviour in the reforming profile was affected by the Ni amount, catalyst 
preparation method, concentration of H2S, temperature and the nature of the metal-dopant.  
By increasing the poisoning temperature, the cycling behaviour increased in both Ni 
Pechini and low content Ni hydrothermal catalyst. The decrease in the H2S concentration 
increased the cycling behaviour as a result of redox properties of cerium oxide. The Ru 
catalyst showed high stability in its reforming profile at the high temperatures and in the 
low H2S concentration. 
  
In the Ni materials, the amount of carbon deposition increased with decreasing 
temperature, unlike the Ru catalyst that showed a direct relationship. 
 
In the case of the Ni catalysts, the amount of carbon deposition increased with increasing 
H2S concentration, while higher carbon was deposited on the Ru catalyst in the low H2S 
concentration. 
 
Increasing the amount of nickel led to increasing carbon deposition amount. 
 
A lower amount of carbon was deposited on the Pechini catalyst than the hydrothermal 
method. At the lower temperature, the amount of carbon deposition was nearly at the same 








5.10 References: -  
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6. Catalyst recovery from sulphur poisoning:  
6.1 Introduction:- 
Sulphur compounds present in biomass syngas decrease the reforming activity of the 
catalyst due to the strong chemisorption of sulphur on the metal surface1-3. As Ni surface 
chemisorption of sulphur is reversible, the catalyst can recover its activity in a reducing 
environment at high temperature.4 The problems with this treatment are that they involve 
consuming a large volume of sulphur free reducing gas in addition to a slow sulphur 
removal rate that decreases exponentially with time. In industry, sulphur poisoned 
reforming catalysts are regenerated by  steam treatment via the following reaction:- 
Ni-S + H2O ↔ NiO + H2S……..eq1 
H2S + 2H2O ↔ SO2 + 3H2…..eq2 
Ni + H2O ↔ NiO + H2………..eq3 
After sulphur removal, the nickel oxide is reduced in H2 and then put back to the reforming 
system. The major disadvantage of this process is its long-time treatment that requires 2-3 
days. 
Four steps regenerations including 1-oxidation at 750 qC in 1% O2, 2-decomposition at 
900  ͦ C in an inert gas, 3-reduction at 900 ͦ C in 2% H2 and 4-reaction at 900 ͦ C under 
reforming conditions was reported in Liyu for restoring catalytic activity in a more 
effective and time –efficient manner5. 
 
Under the right conditions of temperature, time and concentration of initial poisoning 6-9, 








Ashrafi observed that the initial activity can be recovered partially by removing hydrogen 
sulphide and in comparison with a temperature of 700 ͦ C; the activity was stable at 900 ͦ C 
in the presence of H2S11. 
 
Shakouri examined the effect of preparation method on regeneration. Their results showed 
that the catalyst made by impregnation was more active than that by a coprecipitation 
method.12 
In comparison between cermet materials and Ni-doped perovskites the recovery after H2S 
removal treatment increased by increasing the concentration of sulphur, despite all 
materials showing no activity at the first period of recovery. At a high concentration of 
H2S, the Ni cermet recovered its activity much less than the Ni-doped perovskite, while at 
the low concentration, the difference was negligible. The study also showed the effect of 
recovery temperature on catalyst reforming activity. Generally, Ni-doped perovskites 
recovered  activity slightly faster than the Ni cermet catalyst. At 900 ͦ C, all three catalysts 
showed rapid recovery while no evidence of recovery at 700 ͦ C was observed.13 
  
In this chapter, regeneration behaviours of LCZ pyrochlores have been investigated with 
different metal dopants and preparation methods. The effect of the initial concentration of 
H2S and temperature on the recovery was determined after H2S removal under the 
conditions of 2:1 methane to carbon dioxide. 
6.2 -Effect of temperature: 
 
To investigate the effect of temperature on catalyst recovery, the catalyst was poisoned at 
850 ͦC, and 10 ppm H2S. After losing activity, the H2S was removed from the reaction 






first temperature was at 850 ͦ C. This starting temperature was selected to illustrate how 
only the H2S removal would be sufficient to recover the catalyst. After 20 hours of 
recovery at 850 °C, the temperature was dropped to 800 °C and the reaction was performed 
for 72 hours. To study the effect of high temperature on recovery, the experiment was 
performed at 900 °C for 20 hours. The aim of these variable temperature changes was to 
find the stability of the catalyst, its ability to recover and the best recovery temperature 
6.2.1 Recovery of 0.25 NiLCZ catalyst  (Hydrothermal method) 
 
Fig 6- 1 displays both the poisoning and recovery phase over 0.25 Ni-LCZ catalyst. As can 
be seen the catalyst did not reach full H2S poisoning and at the end of 2 hours of poisoning 
the catalyst showed steady reforming activity. At this point, the H2S source was removed 
and cycling reforming behaviour was seen in two kinds of micro and macro cycling 
patterns.
 
Fig 6-1- sulphur poisoning -recovery reaction profile of 2:1 CH4/CO2 ratio passed over 
















































Fig 6- 2-sulphur poisoning- recovery profile of a) CH4 conversion, b) CO2 conversion, c) 
H2 yield, d) CO yield and e) water production using 2:1 CH4/CO2 dry reforming with 10 
































































































As was discussed previously; the last period of poisoning was combined with the 
formation of a protective layer of Ce2O2S. The amount of methane conversion was stable 
at approximately 30% and no more loss of catalytic activity was seen up to the end of the 
poisoning time. At 850 ͦ C and after removing H2S from the stream, the amount of Ce2O2S 
decreased gradually and the catalytic activity increased due to the cleaning of active sites 
from sulphur 
 Complete catalyst recovery was seen with several micro cycles because of transient 
oxidation and reduction of CeO2. The presence of CeO2 resulted in increased catalytic 
activity, while subsequently reduced Ce2O3 is inactive for methane reforming. When the 
amount of Ce2O3 increased over time, the following equation shifted to the right again 
resulting in a loss of catalytic activity. 
Ce2O3 + H2S ↔ Ce2O2S + H2O………..eq2 
 This macro cycling behaviour due to adsorption-desorption of H2S was continued in the 
shape of regular organizing patterns. The higher amount of CO by 20% during the 
recovery phase also could be attributed to the ability of ceria to oxidise the carbon which 
forms on the nickel surface from the methane decomposition step, which results in an 
increase in the amount of CO as follows: - 
 2CeO2 + C ↔ Ce2O3 + CO………….eq3 
 Since the recovery step follows a reduction in the amount of H2S throughout the progress 
of the reaction, as a result, total linear recovery can be expected without the macro cycling 
behaviour. When the recovery temperature dropped to 800 ° C, the catalyst lost its activity 
significantly. This severe deactivation can be attributed to H2S adsorption, as it becomes 
more favourable thermodynamically at lower temperatures. The absence of Ce2O2S as a 
protective layer could also be the cause. After this sharp deactivation, the catalyst started to 
regenerate its activity gradually with no cycling behaviour observed. The amount of 






cycling behaviour appearing in this step. By increasing the temperature to 900 ͦC, the 
catalyst recovered its activity immediately. There was no evidence of cycling behaviour 
and the efficiency of reforming was 100%, with side reactions observed in this recovery 
stage. 
It can be concluded that no damage occurred due to poisoning of the catalyst. The catalyst 
recovered its total activity by increasing the temperature. As can be seen in all reaction 
durations the amount of CO was higher by 20%. This can be attributed to the OSC 
properties of ceria which provides the O2 to oxidize any carbon which is deposited on the 
nickel surface. 
6.2.2 Recovery of 1- NiLCZ (Pechini method) 
Fig 6-3 shows the poisoning and recovery profile of 1-NiLCZ which was prepared by the 
Pechini method. Poisoning at 10ppm of H2S at 850℃ followed by recovery at three 
different temperatures (80, 850 and 900℃) were investigated. 
Fig 6-3- sulphur poisoning -recovery reaction profile of 2:1 CH4/CO2 ratio passed over 
1NI-LCZ(Pechini.) at various temperatures and initial poisoning temperature of 850 ͦ C 
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Some stability was seen in the reforming reaction after 62 hours of poisoning. At this 
point, the H2S source was removed and as is clear from fig 6- 3, that the CH4 and CO2 
conversion increased quickly from the same endpoint of poisoning at  a recovery 
temperature of 850 ͦ C. As the surface becomes covered by H2S, desorption is energetically 
favourable by removing the H2S and as a result a gradual increase in the reforming activity 
has occurred. As there is no evidence of a plateaued reaction, full recovery can be 
expected. The fact, that the amount of CO is higher than H2 cannot be attributed to the 
reverse CO reduction reaction as the amount of water decreased over time. Therefore, the 
reason could be due to the presence of ceria in the structure in the form of Ce2O2S as 
shown by the following reactions. 
Ce2O2S + H2O ↔ Ce2O3 + H2S……….eq4  
Ce2O3 + C ↔ 2Ce2O + CO…………....eq5 
A quick drop in reforming activity can be seen when the temperature of recovery was 
altered to 800 ͦ C. The absence of significant recovery in the methane conversion could be 
attributed to the thermodynamic and kinetic sulphur removal which becomes slower and 
less favourable at lower temperatures. Interestingly, although the amount of methane 
conversion was about 10%, the amount of CO2 conversion was higher by 50%. The reason 
may be because of the reaction of CO2 with H2S  
H2S + CO2 ↔ H2O + CO + 1/2S2……….eq6 
 This reaction can give a clear explanation of the fact that the water content is stable at 
10% and the amount of CO is higher than H2. At 900 ͦ C, rapid recovery of the reforming 
activity was seen due to the metal sulphide species being unstable at this reaction 
temperature. Complete recovery with a low level of cycling due to the presence of ceria 
was expected, and because of the reaction of carbon with oxygen, the amount of CO was 






At the poisoning temperature of 850 ͦ C, no complete deactivation occurred, and the 
amount of methane conversion was about 20%, while at the recovery temperature of 800 ͦ 
C, this amount of CH4 conversion dropped instantly at the beginning of recovery without 
any significant improvement in its recovery profile. This means that cerium even at the 
poisoning stage has an important protecting role on the Ni surface at the higher 
temperatures. 
At 900 ͦ C, the catalyst recovered its total activity, so, it can be concluded that H2S has no 
permanent effect on the performance of the catalyst and the catalyst is highly stable. 
6.3 The effect of Ni content on recovery: - 
After finding the best temperature for recovery, it is time to see how the amount of nickel 
would affect the recovery process. The experiments were performed on three Ni catalysts 
of (0.25-Ni, 0.5Ni, 1-Ni) LCZ at a poisoning temperature of 700 ͦ C with 30 ppm H2S. 
After 20 hours of poisoning; the recovery process was applied by removing the H2S from 
the stream and increasing the temperature to 900 ͦ C. 
As can be seen from fig 6- 4, the catalyst with a higher amount of Ni, had lower recovery 
activity. This is because there is a greater amount of sulphur adsorbed on the larger amount 
of Ni and this resulted in a longer time to recovery. 
As the second stage of poisoning on 0.25 Ni-LCZ occurred faster than on 0.5 Ni-LCZ, the 
cerium oxide sulphide did not have sufficient time to protect the Ni surface from sulphur 
poisoning. This led to a delay in the time of recovery in comparison with the 0.5 Ni-LCZ 
catalyst. After the recovery reached its equilibrium state of methane-rich dry reforming, all 
three catalysts showed the recovery behaviour in the shape of micro and macro cycling at 
all periods of recovery time. Macro cycling, as was discussed before, was due to the 






ceria. Generally, it is clear from all reaction profiles of reactant and product , that 
decreasing the amount of Ni in the catalyst improves the efficiency of recovery. 
 
Fig 6-4 recovery profile of a) CH4 conversion, b) CO2 conversion, c) H2 yield, d) CO yield 
and e) water production using 2:1 CH4/CO2 dry reforming with 30 ppm H2S at initial 


































































































6.4 The effect of initial H2S concentration on recovery 
To investigate the influence of initial H2S concentration on the recovery behaviour of the 
Ni-LCZ pyrochlore, experiments were carried out at different initial concentrations of H2S 
(10 ppm and 30 ppm). The catalyst deactivation was achieved under the condition of CH4: 
CO2 =2:1 and the temperature of 700 ͦ C. After the poisoning reaction, the H2S was 
removed from the reaction stream and the reaction temperature was increased to 900 ͦ C. 
 
 
Fig 6-5- sulphur recovery reaction profile of 2:1 CH4/CO2 ratio passed over 1Ni-LCZ (Hy.) 










































































As can be observed from fig 6- 5, both catalysts have almost the same recovery trend. The 
main difference is in the time it took for recovery to reach the equilibrium state. The 
recovery time took longer when the H2S concentration was greater. Both catalysts showed 
an instant linear recovery but the starting point for 10 ppm H2S was higher by 20%. The 
catalyst exposed to 10 ppm H2S reached its equilibrium state after 2 hours, while the other 
one took 4 hours. Both catalysts after reaching their equilibrium state showed cycling 
recovery behaviour. The last 10 hours of the recovery profile for 30 ppm H2S exposure was 
very similar to the period of 2 to 7 hours of the 10 ppm H2S profile. The extent of each 
macrocycle increased with time and the length of each cycle decreased where, linear 
behaviour would be expected. In both sulphur concentrations, the amount of CO was 
higher than the amount of H2 and interestingly at the stage of micro cycling; the amount of 
H2 was higher. This behaviour reversed over time and at both micro and macrocycles, the 
amount of CO became greater. This micro and macro cycling behaviour, as explained 
before, is due to the redox and H2S adsorption-desorption properties of ceria. 
It can be concluded that when the concentration of H2S is high, more time will be needed 















6.5 The effect of preparation method and metal on recovery 
 
To determine how the recovery from H2S poisoning is affected by the preparation method 
and the kind of active metal, experiments were performed on three catalysts: Ru-LCZ and 
1-NiLCZ prepared by both the hydrothermal and Pechini method. Each catalyst was 
poisoned with 30 ppm H2S under the reaction temperatures of 700 ͦ C and 850 ͦ C. The 
recovery temperature was 900 ͦ C and was applied after the poisoning stage. 























































fig 6- 6-comparison recovery performance at 900 ͦ C, after initial poisoning concentration 
of 30ppm H2S and reaction temperature of 700 ͦ C. a) Methane conversion b) CO2 

































































Regardless of the cycling behaviour, it was no surprise that the 0.5Ru-LCZ showed an 
immediate recovery and at a starting point of 50% CH4 conversion, but what was 
interesting was the recovery performance of the 1NiLCZ, which was prepared by the 
Pechini method. Although this catalyst contains Ni metal in its structure, the initial starting 
point was 40% methane conversion and in less than an hour it reached a state of 
equilibrium of 50% and showed wide cycling behaviours, unlike the Ru catalyst, which 
showed severe cycling behaviours. 
The starting methane conversion point of 1 Ni-LCZ (hydrothermal method) was less than 
10%. A slow gradual linear increase was seen in the recovery process where after about 
five hours the catalyst reached its equilibrium state in the form of cycling behaviour. In the 
case of CO2 conversion, all catalysts showed a good relationship with methane conversion. 
The H2 and CO yields correlated well with the CH4 and CO2 conversions for the catalysts 
Ru-LCZ and Ni-LCZ (hydrothermal method). As observed from Fig 6-6(c, d), the amount 
of H2 and CO yield of the Ni-LCZ (Pechini) was lower than expected by 20% at all 
recovery periods. The CO reduction reaction could be the cause of this decrease in addition 
to the water gas shift reaction. 
H2 + CO ↔ H2O + C…....eq7 
H2 + CO2 ↔ H2O + CO…eq8 
It can be concluded that, in the case of the methane conversion, all three catalysts reached 
their total conversion ratio in the form of cycling. As was proved before, this cycling 
behavior will diminish over time as Ce2O2S is the reason for this behavior. In the case of 
the H2 yield the Ni-LCZ (Pechini) catalyst showed a 20% lower amount than expected, 
unlike other catalysts that showed a good relationship with CH4 conversion. The nickel 




































Fig 6- 7-comparison recovery performance at 900 ͦ C, after initial poisoning  concentration 
of 30 ppm H2S and reaction temperature of 850 ͦ C. a) Methane conversion b) CO2 


































































































As can be observed from the recovery profiles of all three catalysts (fig 6-7), the Pechini 
preparation method showed more stability in its recovery behaviour. The starting point of 
the CH4 conversion was as high as 70% and this amount decreased sharply in half an hour 
to 50%, and the recovery continued in the form of some low-level unorganized cycles and 
with an average methane conversion of 55%. The amount of CO2 conversion for this 
catalyst was 100% and the average H2 and CO yields were 97% and 90% respectively. The 
lack of water in the reaction confirms that the efficiency of the Ni-LCZ (Pechini) towards 
recovery is higher than for other catalysts. 
There was also marked difference when the method of preparation was changed to the 
hydrothermal method. The starting point of methane conversion was 20% and regular 
cycling behavior was seen over time and the average of the methane conversion was 35%. 
The amount of CO2 conversion was 90% which was higher than expected by 20%. The CO 
yield was 92% which was in good correlation with the CO2 conversion. The presence of a 
higher amount of hydrogen by 15% in spite of the lower amount of CH4 conversion could 
be because of the presence of Ce2O2S as a protective layer. In the presence of H2S the main 
reaction in the second period of poisoning was Ce2O3 + H2S ↔ Ce2O2S + H2O, therefore 
by stopping sulphur from the stream the reaction shifted to the left. As H2S at high 
temperature can dissociate and react with CO2, the amount of CO2 conversion increased in 
addition to the H2.    
 H2S + CO2 ↔ H2O + 1/2S2 + CO……..eq6     
H2S ↔ 1/2S2 + H2……………………eq9  
The Ru-catalyst showed severe regular cycling recovery behaviour. The average methane 
conversion was 45% and the CO2 conversion was in good correlation with the CH4 
conversion. As can be observed from the H2 and CO yields, this catalyst produced the 
lowest amount of H2 and CO (68% and 75% respectively). The CO reduction reaction 






nearly in the same amount. The higher amount of CO in comparison to H2 by 10% is 
because of the presence of Ce2O2S as was explained previously. 
 
From all the above discussion, it can be shown that the Pechini preparation method has a 
positive effect on the recovery process and the presence of cerium in the catalyst has an 
impact on recovery behaviour. At high temperature, the Ru containing catalyst encouraged 



























As one important property of the catalyst is the ability to recover, this chapter has focused 
on the ability of Ni, Ru LCZ pyrochlores to recover from H2S poisoning with the aim of 
using these materials as the anode in a SOFC or as a biogas reforming catalyst. 
The recovery at 900 ͦ C after poisoning with 10 ppm H2S was faster than with 30 ppm H2S. 
The starting point of the methane conversion was 35%, and the catalyst reached its 
equilibrium state after 2 hours.  No methane conversion was seen at the beginning of the 
reaction with 30ppm H2S and it took 5 hours to reach its equilibrium state. After H2S 
removal, the equilibrium state was in the form of cycling at both concentrations. 
 
After poisoning with 30 ppm H2S at 700 ͦ C, 0.25Ni-LCZ showed higher methane 
conversion than 1NiLCZ by 10%, while 1 Ni-LCZ reached the equilibrium state after 6h 
that was later than 4h in comparison with 0.25-NiLCZ. However, the best recovery profile 
was seen in the 0.5 Ni-LCZ catalyst, that only took 30 minutes. 
The Ru catalyst showed immediate recovery reaching equilibrium state in the form of 
severe organised cycling after poisoning in 30 ppm H2S at 700 ͦ C. The Pechini 1-NiLCZ 
showed better stability with wider cycling after 30 minutes from H2S removal, while the 
hydrothermal 1- NiLCZ took more than 5 hours to reach the equilibrium state. H2 was in 
good correlation with CH4 in both the Ru and the hydrothermal catalyst while it was 20% 
lower in the Pechini method prepared catalyst.  
 
The effect of recovery temperature was determined after poisoning in 10 ppm H2S at 850 ͦ 
C. At 850 ͦ C, the hydrothermal catalyst showed immediate recovery reaching the 






in recovery was observed for 30 hours followed by cycling behaviour. Immediate recovery 
with no cycling was seen at 900 ͦ C. 
The effect of recovery temperature on the Pechini catalyst was different than the 
hydrothermal catalyst. Despite both catalysts showing direct recovery relationships with 
temperature, at 850 ͦ C, the recovery increased gradually, and more than 30 hours was 
needed to reach its equilibrium state. At 800 ͦ C, no significant recovery was seen for 20 
hours, while at 900 ͦ C, immediate recovery was observed in the form of low cycling 
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7- Conclusion and future work: - 
The aim of this work was to prepare new Ru and Ni-doped pyrochlore catalyst to be used as 
biogas reforming catalysts. The effect of preparation method on the reforming performance 
was evaluated, as the nature of the catalyst closely depends on the preparation method. The 
Ni-doped catalysts were prepared by the hydrothermal and the Pechini method while the Ru 
catalyst was prepared only by the hydrothermal method. 
To find out whether the new Ni-doped pyrochlore catalysts could be promising catalyst for 
industry, they were compared with a Ru doped pyrochlore catalyst that has high activity and 
good resistance toward methane reforming conditions. The performance of all catalysts was 
evaluated based on their ability to suppress carbon formation and to resist sulphur 
poisoning, which are considered to be the most important issues in the biogas reforming 
process. 
All catalysts were characterised by the XRD, TPR, SEM and BET techniques. From the 
XRD results, it can be concluded that all of the four catalysts contain a pyrochlore phase in 
their structures. However, the Ni pyrochlore catalysts prepared by the hydrothermal method 
showed spilt peaks that belonged to the mixture of Pyrochlore and La/CeZrO4 oxide phases. 
The effect of Ni ratio on the phase formed within the catalyst was clear in the form of higher 
fluorite phase availability in the lower Ni loading catalyst in comparison with Pyrochlore 
phase. This may be because of cerium, which is no longer needed to balance the catalyst 
charge. All Ni pyrochlore catalysts showed an impurity in the form of NiO, which on 
increasing the amount of Ni loading made the peak easier to observe. The Ru containing 




TPR analysis showed all four catalysts are reducible and in comparison with the fresh 
catalyst, the reduction peak was shifted to higher temperature in the case of the 
hydrothermal Ni catalysts, while for the Pechini method the reduction peak shifted to lower 
temperature indicating some level of sintering. As-synthase Ru pyrochlore catalyst had 
higher reduction temperature in comparison with the used catalyst.  
BET analysis showed that the Ni containing hydrothermal catalysts have a  larger surface 
area in comparison with the catalyst prepared by the Pechini method and the Ru catalyst has 
the biggest particle size with the lowest surface area. 
 From SEM analysis, it was found that the hydrothermal method produces irregular 
agglomerate particles while the Pechini method generates rigid triangular plate particles 
with regular spherical uniform particles on the surface. 
 
The temperature programmed reaction for the methane-rich dry reforming conditions 
showed that the 0.25Ni-LCZ has a lower starting temperature in comparison with the 0.5 
and 1Ni-LCZ catalyst  ratio by about 100 ℃. This was similar to both Ni-Pechini and Ru 
doped pyrochlore catalysts. In terms of the isothermal study at the temperature between 650 
and 900 ℃, the 0.25-Ni catalyst showed high activity at 650 ℃ and the conversion of 
methane was in excess of what could be achieved by a 2:1 methane to carbon dioxide ratio. 
Higher methane conversion in the low Ni catalyst was likely due to the reaction of ceria 
with methane illustrating that Ceria showed the specific effect on lower Ni loading 
condition at the low temperature.  
Generally, Ni-hydrothermal catalysts showed cycling behaviour in their dry reforming 
profiles. However, this behaviour decreased at the low reforming temperatures <800℃, and 
at the high ratio of Ni-doped (1Ni-LCZ). The amount of hydrogen increased with increasing 
the temperature and the amount of Ni in the catalyst, due to the thermodynamic 
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favourability and higher amount of activating sites for CH4 conversion. CO reduction as a 
side reaction plays a significant role in decreasing the amount of H2 at the low temperatures 
in both the 0.25 and 0.5 Ni-LCZ catalysts. At 850 ͦ C, as DRM became more 
thermodynamically favourable, the yields became higher, giving almost 100% yields for all 
the Ni-hydrothermal catalysts. 
All three catalysts showed a decrease in carbon deposition trend with temperature, as CO 
hydrogenation and the Boudouard reaction are thermodynamically more favourable at the 
lower temperatures. 
At the low temperatures, a significant difference in the amount of deposited carbon was seen 
by increasing the amount of Ni in the pyrochlore structure. The 0.25-NiLCZ pyrochlore had 
the lowest amount of deposited carbon due to fewer nickel sites present for reaction with 
carbon, that formed as a result of Boudouard reaction. In addition the presence of higher 
CeO2 increases the ability of the catalyst to oxidise carbon at the lower temperatures.  At 
higher temperatures >700 °C, the deposited carbon was suppressed significantly, and the 
amount of nickel had no significant impact on carbon deposition. The presence of ceria 
increases the potential for carbon oxidation through increased oxygen availability. 
In terms of the long stability experiments at 750 ℃ under methane-rich dry reforming 
conditions, the amount of CH4 and CO2 conversion were close to the stoichiometric ratio for 
both the 0.25 and 1-Ni-LCZ hydrothermal pyrochlore catalysts. The main difference 
between 0.25- NiLCZ and 1-NiLCZ was in the amount of syngas emission, where it was 
higher by nearly 20% for 1-Ni-LCZ. The decrease in the amount of CO and H2 in 
comparison with 1-NiLCZ could be because of some side reactions from CO reduction (CO-
R). During the DRM, the amount of H2 was lower than CO because of the reverse water gas 
shift reaction. In addition, ceria can chemisorb large amounts of H2 and CO. Both catalysts 
showed stability in performance without any deactivation over 3 days of reaction. 
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The amount of carbon deposition showed no real increase with time for both 0.25 and 1-Ni-
LCZ catalysts, while increasing the amount of Ni at 750 ͦ C did not show any effect on 
deposited carbon. One visible difference between the two catalysts is that the carbon peak 
shifts to higher temperature for 1-Ni-LCZ, indicating the presence of traces of carbonaceous 
species, while one major TPO peak at 500 °C for 0.25 -NiLCZ corresponds to a soft type of 
carbon since it can be oxidised under relatively mild conditions. This presence of soft 
carbon supports the hypothesis that small Ni domains available at the catalyst surface during 
the reaction. Therefore, the Ni particles of 0.25-NiLCZ remain small and well dispersed on 
the surface. The agglomeration of Ni clusters would lead to more graphitic carbon. 
In the methane-rich dry reforming, both the hydrothermal and the Pechini Ni catalysts 
showed slightly higher CH4 conversions than the Ru catalyst at the lower temperature. As 
the CO2 conversion for both Ni catalysts decreased at the lower temperature, it suggests that 
the Boudouard reaction is occurring and is more likely on Ni catalysts than the Ru catalyst. 
As the amount of CO2 increased due to the Boudouard reaction, the probability of methane 
conversion increased at the lower temperature. The selectivity of H2 and CO in both Ni 
catalysts is lower than for the Ru catalyst at 650 ͦ C due to the Boudouard reaction and CO 
reduction reaction causing an increase in water production. Ni containing catalysts prepared 
by the Pechini method showed the lowest syngas selectivity at the middle temperature. The 
Ru containing catalyst showed a 3% reduction in selectivity at 850 ͦ C in contrast with other 
Ni containing catalysts due to the carbon deposition. 
The hydrothermal 1Ni-LCZ pyrochlore catalyst has the highest amount of carbon deposition 
because of the Boudouard reaction and hydrogenation of CO at the lower temperature. The 
amount of carbon deposition was not significantly different at various temperatures on the 
Ni containing catalysts prepared by the Pechini method. At 850 ͦ C, the Ru catalyst showed a 
low level of carbon deposition due to methane decomposition which affects catalyst activity. 
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The highest level of deposited carbon did not affect the Ni catalysts activity. It can be 
concluded that the amount of Ni that is not incorporated within the pyrochlore structure in 
the hydrothermal method was the reason for promotion of the Boudouard reaction and high 
activity of the catalyst at the middle temperature. The presence of cerium and the form and 
structure of the catalyst play an essential role in catalyst activity. Ru containing catalysts 
support methane decomposition and Ni containing catalyst support the Boudouard and CO 
reduction reactions. By decreasing the ratio of Ni in the hydrothermal LCZ catalysts, the 
amount of carbon deposition decreased and it can be said that the hydrothermal preparation 
method had no  adverse effect at the lower temperature, however controlling the Ni amount 
has to be done carefully to achieve the best results.   
 
 The reactions over time at different temperatures under stoichiometric conditions for the 
0.25, 0.5 and 1Ni-LCZ catalysts showed almost similar patterns. 
In the isothermal reactions, generally, 0.5Ni-LCZ showed higher activity in comparison 
with the others. At the low temperature, because of the low loading of Ni in the 0.25Ni-LCZ 
catalyst, the CH4 conversion was lower than other catalysts. However, the 0.5Ni-LCZ 
catalyst had higher conversion than the 1Ni-LCZ catalyst due to the more significant 
amount of deposited carbon on 1Ni-LCZ that blocks the Ni active sites. 
Due to the lowest loading of Ni, the 0.25Ni-LCZcatalyst had the lowest amount of deposited 
carbon at all temperatures. At 800 ͦ C, despite the amount of CH4 and CO2 conversion in 
0.25 Ni-LCZ being the same as for the other catalysts, the amount of synthesis gas showed a 
dramatic decrease. The CO reduction reaction could be the reason for this decrease and the 




Despite the highest levels of carbon deposited being on the Ni-hydrothermal catalysts, in 
comparison with other catalysts, the Pechini Ni catalyst had the lowest productivity at all 
temperatures for 1:1 CH4: CO2. The Pechini Ni catalyst promotes the RWGS reaction 
significantly, in addition to the methane coupling reaction. In the stoichiometric condition, the 
Ni containing hydrothermal catalyst showed almost similar activity with the Ru containing 
catalyst. 
The Ru containing catalyst did not show significant carbon deposition at any temperatures 
while both Ni containing catalysts showed noticeable carbon at 650 ℃ and the catalyst 
prepared by the Pechini method contained 10 times less deposited carbon than the 
hydrothermal Ni pyrochlore catalyst. 
While all prepared catalysts did not show significant deactivation because of the carbon 
deposition , it was important to show their ability to resistance sulphur impurities present in 
hydrocarbon fuels to be promising commercial anodes for SOFC. 
Deactivation is affected by the amount of Ni in the catalyst and accelerated by decreasing 
the amount of Ni in the catalyst. For example 0.25Ni-LCZ, due to having less active Ni sites 
showed faster deactivation. Generally, the Pechini preparation method showed higher 
resistance to deactivation than the hydrothermal method. This resistance may be due to the 
morphology of the catalyst. Because of the high activation energy for the catalyst process 
with Ru in comparison with Ni, the loss of reforming activity was significantly lower than 
in the Ni catalysts. 
All pyrochlore catalysts in this work regardless of the preparation method and the type of 
doped metal have shown two stages of reforming activity loss. The first stage is because of 
dissociative chemisorption of H2S and the second stage of deactivation is linked to the 
formation of bulk metal sulphide species. By increasing the temperature, generally, the first 
stage deactivation accelerates in all materials due to the reacting of one sulphur with more 
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than one active site at a time. The first deactivation stage was significantly faster in 30 ppm 
H2S than 10 ppm due to a dramatic decrease in active sites.  
The CO2 conversion correlated well with the CH4 conversion in the Ru catalyst, while all 
the Ni-doped pyrochlore catalysts showed higher CO2 conversion due to the reaction of 
cerium and CO2 with H2S. All Ni-doped catalysts encouraged the CO reduction reaction that 
decreased the amount of H2 and increased water formation. 
The cycling behaviour in the reforming profiles were affected by the Ni amount, catalyst 
preparation method, concentration of H2S, temperature and the metal-dopant. By increasing 
the poisoning temperature, the cycling behaviour increased in both the Ni-Pechini and low 
content Ni-hydrothermal catalysts. The decrease in the H2S concentration increased the 
cycling behaviour because of the redox properties of cerium. The Ru catalyst showed high 
stability in its reforming profile at the high temperatures and in the low H2S concentration. 
In the Ni containing materials, the amount of carbon deposition increased with decreasing 
temperature, unlike the Ru containing catalyst that showed a direct relationship. In the case 
of the Ni containing catalysts, the amount of carbon deposition increased with increasing 
H2S concentration, while higher carbon was deposited on the Ru containing catalyst in the 
low H2S concentration. A lower amount of carbon was deposited on the Pechini method 
catalyst than the hydrothermal method. At the lower temperature, the amount of carbon 
deposition was nearly at the same level as the Ru containing catalyst. 
 
As one important property of the catalyst is the ability to recover, the recovery results after 
deactivation by sulphur showed that complete recovery can be achieved in all materials by 
H2S removal at 900 °C. The recovery at 900 ͦ C after poisoning with 10 ppm H2S was faster 
225 
 
than with 30 ppm. After H2S removal, the equilibrium state was in the form of cycling for 
both concentrations. 
After poisoning in 30ppm H2S at 700 ͦ C, 0.25Ni-LCZ showed higher methane conversion 
than 1NiLCZ by 10%., while 1 Ni-LCZ reached the equilibrium state after 6h, which was 4h 
later than for 0.25-NiLCZ. However, the best recovery profile was seen in 0.5 Ni-LCZ that 
only took 30 min. 
The Ru catalyst showed immediate recovery reaching the equilibrium state in the form of 
severe organised cycling after poisoning in 30ppm H2S at 700 ͦ C. The Pechini 1-NiLCZ 
catalyst showed better stability with wider cycling after 30min from H2S removal, while the 
hydrothermal 1-NiLCZ catalyst took more than 5h to reach the equilibrium state. H2 was in 
good correlation with the CH4 in both the Ru and the hydrothermal Ni containing catalysts 
while it was 20% lower in the Pechini method catalyst.  
The effect of recovery temperature was determined after poisoning in 10ppm H2S at 850 ͦC. 
At 850 ͦ C, the hydrothermal catalyst showed immediate recovery reaching the equilibrium 
state in the form of organised cycling behaviour. At 800 ͦ C, a gradual increase in recovery 
was observed for 30h followed by cycling behaviour, whilst immediate recovery with no 
cycling was seen at 900 ͦ C. 
The effect of recovery temperature on the Pechini catalyst was different from the 
hydrothermal catalyst. Despite both catalysts showing a direct recovery relationship with 
temperature, at 850 ͦ C the recovery increased gradually and more than 30 h was needed to 
reach its equilibrium state. At 800 ͦ C no significant recovery was seen for 20h, while at 900 
°C  immediate recovery was observed in the form of low cycling behaviour.    
 
Generally, the Ru containing catalyst did not show complete deactivation for more than 20 h 
under any conditions even at the low temperature of 700℃ and high concentration of 30ppm 
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H2S. This material could be a unique catalyst that shows this high resistance in comparison 
with other literature materials in this condition and therefore may be promising as a SOFC 
anode. 
For decreasing the cost of catalyst, using the Ni-LCZ catalyst is an alternative to the Ru 
containing catalyst at 900℃ in the presence of 30ppm H2S. 
 
 
Future works: - 
 
•    As cycling behaviour is closely dependent on the presence of ceria in the 
structure of the catalyst, it would be useful to study the effect of ceria ratio on 
cycling behaviour to limit it.  
•    As increasing the amount of Ni, led to increase the performance of the catalyst 
without a significant increase in the carbon deposition at the temperatures higher 
than 800 ℃, it would be useful to increase the amount of Ni in the structure and 
study the catalytic performance and stability.  
•    Evaluate the catalytic performance by using real biogas from landfill sites that 
have a different ratio of CH4: CO2 in addition to natural contaminants. 
•    Testing the electrical and ionic conductivity of the materials as an anode in solid 
oxide fuel cells. 
•    Further study into the characterization and understanding of the structure and the 
kind of the impurity phases and how dopants can be full incorporated into the 
structure. 
•    Testing other reforming reactions such as partial oxidation, steam reforming, bi 
and tri reforming. 
